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ABSTRACT 


An experimental study was conducted to provide data for evaluation of 
the parameters for an analytical mechanical model representation of 
liquid/ interface dynamics in the TDRSS propellant tanks. Models were 
developed for -two liquid-under-ullage (forward tank) configurations 
and for one liquid-over-ullage (aft tank) configuration. However, 
additional test runs were conducted with liquids of different densi- 
ties in both cases to allow separation of bladder-stiffness and 
gravity effects under various simulated steady acceleration condi- 
tions. Both static and dynamic parameters are evaluated to provide 
a good prediction of observed results. 
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I. 


INTRODUCTION 


This report presents the results of a study of the slosh dynamics 
and development of an analytical model for the hydrazine tanks of Jhe 
Tracking and Data Relay Satellite. The two ellipsoidal tanks of this 
satellite are quite unique, in that they employ a polymeric bladder to 
separate the propellant from the ullage. Furthermore, as niounted in the^ 
satellite relative to the thrust vector, one tank is oriented with liquid 
under ullage, and the other with liquid over ullage, as shown in the two 
photographs of the Frontispiece. The design allows for positive expulsion 
of the propellant by gas pressurization of the ullage for any orientation. 
Although this is a simple and reliable design functionally, the dynamic 
properties of„the bladder/liquid interface in this particular geometry 
were unknown. In spite of the wealth of knowledge [1] that is available 
from previous work on propellant slosh in tanks of various designs, there 
was only one published report [2] on experience with ® 9 

bladder. Furthermore, the geometry and orientation of the TDRS5 tanxs 
was significantly different from that tank. Hence the program described 
herein was necessary for proper design of the TDRSS system. The resulting 
data should be considered as applicable to the specific TDRSS configuration 
only, and under no circumstances used for extropolation to any other size 
or configuration tank. 


At the outset of this program, considerable analytical thought al- 
ready had been given to the potential slosh response. In fact, a tenta- 
tive analytical model had even been formulated. However, it eventually 
became apparent that the problem involved uncertainties to such an extent 
that the conduct of a preliminary series of experiments became mandatory 
in order to provide more physical insight into the model formulation. 

The preliminary experiments were designed to investigate both static and 
dynamic behavior, of several propellant fill depth and geometrical orien- 
tations of the tank. The particular fill depth and orientation configur- 
ations were chosen to coincide with those anticipated to occur at partic- 
ular events on the flight trajectory. A special, full-size plexiglass 
tank with bladder -installed was provided for the study. Sufficient 
photographic observations and other dynamic response data were acquired 
to allow a determination of the adequacy of the existing postulated 
analytical model. As the program progressed, it became apparent that 
significant modification to the original analytical model was appropriate. 
Formulation Of the numerical values for the various parameters of this 
model, is the final Objective of this program, as described herein. 
Therefore, we begin with a description of the final model concept, and 
thereafter describe how the experimental results provided the required 
information for a -complete specification of a model for each of the 
TDRSS tanks. 


II. ANALYTICAL MODEL CONCEPTS 

Preliminary tests showed that sloshing in the forward tank (liquid 
-under-ullage configuration) was similar to that in a nonbladdered tank 
of the same shape. Further, the liquid and bladder were symmetrically 
arranged around the vertical centerline* Sloshing in the aft tank (liguid 
-over-ullage) was, however, considerably different from the forward tank, 
primarily because most of the liquid was held on one side of the 
centerline by the bladder; see. the frontispiece. Thus, two analytical models 
are required. 

A. Liouid-Under-Ullage Model (Forward Tank) 

The slosh model shown in Figure la for the forward tank is based 
on the model for a corresponding nonbladdered tank (1). A pendulous mass 
m, is used to represent the liquid participating in the sloshing motion, and 
a)i iranobile. mass m. is used to represent the remain^r of the liquid. The 
pendulum pivot height h, is chosen so that the sloshing torqws created by 
a rotational oscillatioJ about the X-axis are duplicated, and the immobile 
mass is assigned a centroidal moment-of-inertia I to duplicate the 
body-like rotation of the liquid. The immobile mass is positioned along the 
vertical centerline such that the center-of-mass location is the same for 
the liquid and the model. (Because of symmetry, a similar model is valid 
for the X-Z plane. In fact, the plane of the model is determined by 
the. rotational and translational axes of the excitation.) 

The primary conceptual difference between this model and a 
normal slosh model is the use of a torsional spring K. at the Pfjd;; ^ 

pivot which is needed to simulate the bladder restraint on the liquid motion. 
The slosh natural frequency is therefore 

K. 


W-l 


\ihete a is the effective gravity or reversed steady Z-acceleration acting on 
the tank. 


a \% 


(II. 1) 


All. the parameters of the model can be computed from the following 
kinds of test data. 

(1) Center of mass location. (Note: the center of mass can instead 

be computed from the tank filling level,.) 

(2) Liquid force acting on the tank as a function of excitation 
frequency (i.e*, resonance search data.) From these data, M^, Cg 

can be computed. 


(3) Liquid torque acting on the tank as a function of excitation 
frequency. I and h, can be computed from these data; then* knowing the 
center of-ma§s location, h^^ Can be computed. 






*' " f " lHCT 
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(4) Values of wi for several values of a. Thus, Lj and 
Kg can then be computed. 

Since It 1s not practical In the laboratory to ° 

droD-towers to obtain values of steady acceleration, a, that are different 
from normal gravity, the requirements of (4) cannot be met j 

as shown by the following discussion, a close approximation can be ♦ 

SonetheTess by using liquids of different densities In the tests. First, 
prefimln^^^^^^ shape of the bladder In the forward tank 

depends primarily on the volume of liquid under the bladder. 
observation Is oonsistent with the results other tests »f the bladder 
Which showed that It was virtually Inextensible and that Its apparont 
St Sness (K ) was due to the bending stresses In the folds. Second, neither 

the blfdderlor t^ liquid confl- .ration will change it 

Hdlnciiv Sanaes provided that tha liquid volume stays the same. Therefore, n. 
follows that^the sloshing configuration (i.e., the mode shape) also should 
not chanoe The slosh mass mi would merely Increase or decease In 

proportion'to the liquid density, and K rdata^glvtng^ 

pattern does not change. As can be seefi from Equation II .1 data giving 
for different values'of mi can therefore be used to compute K. an c 
individually. It should also be noted that the tests showed the damping 
of the liquid motions was due almost entirely 

with little or nothing contributed by the viscosity of the ^|,qu’®* . * 

Thrus^of varlourilquids does not result in any significant change in 

^ 0 ‘ 

B. LiQuid-Over-Ullaqe M odel (Aft Tank! 

Since sloshing in the forward tank 1s similar to conventional 
sloshing, Lst of the slosh model development and, verification efforts were 
spent on the aft tan4c.. 

It was not apparent In advance what the slosh 
t.nv should look like. Several possibilities could be made to fit the 

rne^’ 

)WpreM'dairit‘it^ ^ 

lb shows the configuration of the model. 

Since the liquid Is positioned mostly on one side Of the 
vertical centerline, the slosh mass and Inmobile mass aro also located on 
that side. The rest of the model can be understood most easily by 
suirmarizing some of the test observations. 

First, a well defined slosh mode was excited ’’•’"^oslational ^ 
oscillations of the tank along the X-axis or by rotational oscillations about 
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the Y or 2 axis. A much M9'’«;.^'^'’f^!;for“by'rotatlOT . 

thl Y-Z plfnf for the model .) Second. the thrust 

the X-axis to simulate, for example, a ch g half of the tank 

vector; the liquid would suddenly shift to 

after some critical liquid would shift slowly to some >^®w posltlo 

rotated about the Y critical angle was 

around the periphery of the tank a ners^^ ^g ^je pa^t 

To represent all ^h®s® contacts an Imaginary guiding surface 

»«ugi"r""of^rr1ngs. ^^^^cllSatlxisW the 

rrirrs^oip Sei’t 

SfrES 

Mgh fregulMl -iSd'S^rlnl^atW^^^^^ lo 

riutirs about the X Axis. (For this latter jnode.^cr^ TO„»hts as «ell 

Given a centroldal moment of I.iXr.«* the test data.) In general, Ki 

given a wivi . hg «ade tO fit tne Tiesv. 


rotations aoouc me a «a.^. x- ^ - g^ that forces anu nwi.re..v- -- 

Given a centroldal moment of iiXr.«t the test data.) In general, Ki 


ena on duui ^ 

When the rotation about *jj* ^(A*yj°'^force^OT"the*^^ w1" te 
f-ldM^h^e rirreh&J tor this 

fy|erS^;io“’\lhe^1s^er: e^tl -tatlon^abo^ 

metrical position on the other ^ the spring-dashpot-sllder pads 

mass moves with the slosh mass.) ’ remaining In contact with the 

Tsl tofato as the pendulum swings, a ^ the. slosh 

The test data repul red to ^However'! ^«h f™ce data. 

rhtr.tnnrz4’xji^3lsi^ 

reoulred to separate the effects or diouu to equation UI.l). 

"Sea^accelerStlon »n the spring hi and the angle a and 

irst?ll??h'foreTeirn%rsriS"r ?rds and the guiding surface. 
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III. EXPERIMENTAL PLAN FOR MODEL VERIFICATION 

Experimental data were required at a sufficient number of conditions 
so that numerical values could be evaluated for all parameters postu- 
lated In the previous section. The approach for selection of an appropri- 
ate set of such sufficient conditions Is now described. This approach 
was selected only after conduct of preliminary experiments which Included 
visual observations and motion picture recording of several different 
test conditions. These experiments revealed the presence of several 
types of interface slosh modes, the degree to which each was excited for 
a given type of excitation,, and the degree of nonlinearities present In 
the response. A similitude analysis of the conditions to be studied Is 
considered. However, use of a true simllatlon Is not Intended, nor Is 
actually possible. Instead, a distorted simulation is utilized whereby 
sufficient. Information can be obtained to allow complete evaluation of 
analytical model parameters. 

A. Similitude Concepts 

The use of a full geometric scale model tank with actual 
bladder Installed was considered feasible. However, It was desirable 
to employ a simpler simulated propellant, such as water, rather than the 
actual hydrazine. Furthermore, simulation of testing under other than . 
just 1-g acceleration was highly desirable In order to assure vai-^dlty 
of the model over the required range of thrust and zero-g conditions. 
Therefore, the -following similitude concepts were developed to guide 
the modeling process. 

The physical parameters considered Important Jn the problem 
are as follows: . 

«2 

Fq * dynamic, force loading of liquid tank, MLT 

2 - 

Tq » dynamic torque loading of liquid oa tank, ML T 

_2 

Kg » bladder stiffness, MT 
p. a liquid density, ML‘^ 

Py a ullage density, ML" 

R a tank major radius, L 

-2 

a a steady axial acceleration, LT 
Xq * dynamic excitation amplitude, L 
u> a frequency, T‘^ 
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With these parameters, the following set of nondlmensional parameters 
can be derived: 






(iii.i) 


For a full scale tank and actual 

of ■tna««rh1nge points, pendulum lengths, and spring constants 
at a » 1.0 g acceleration. 


B. Simulation of Variable Gravity 


In order to show that masses, hinge 

:St’j^:??lbre1l«n"dSct'erpfri:lJ5s^Jn^ 

wMmmms- 


1) 


Kb/R 


„ s steady stiffness stress _ 

(p -p“)al steady kceleration pressure 


St. "u 

This requires that 


/ ^ 'I (t2.\ m " test model 

p * p ■* flight system 


(III. 2) 


2 ) 



- dynamic liquid pressure 

' steady acceleration pressure 


This requires either that 


1 


m 


S 


0) 


2 , 
P 


(III. 3) 




and 


(III. 4) 
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or that 


and 


X “X 
om 'op 




(III. 5) 


ail. 6) 


For the p esent application Equations (111.3) and (III.4) were selected, 
based on results of- preliminary data (I.e., there was very little change 
In natural frequency when Equation (I II. 4) was followed). ^ 


) ^X R 

^ 0 5 dynamic liquid pressure 


dynami c ul lage pressure 


This requires, that 

m p 


(III. 7) 


4) 


”0 

R 




a 

i«^X. 


*^o g dynamic stiffness force 


P^Xo«2r3 


liquid inertia force. 


This requires that Equations (III. 5) and (III. 6) be satisfied slmultan- 
simultaneously Equations (III. 3), (III. 4) and (III.S) be satisfied 


5 ) D s l 4 .qu 1 d dynamic force 

p X w2r3 liquid Inertia force 

This requires that 

''om * % (111.8) 

5 ) . z liquid dynamic toroue 

0 X i.j2b 4 liquid 1nertl4 torque 
4 0 


This requires that 
"^Om ~ "^Dp 


(ill. 9) 
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We. now consider a series. of experiments for simulation of 
a > 1.0 g. It was desirable to simulate hydrazine at a = 2.5 g by 
testing with 2.5 $6 zinc bromide solution at a = 1.0 g. The results 
would allow a separation of bladder stiffness and steady acceleration 
Influence on the natural frequencies. Preliminary experiments Indl* 
cated that Equations (III. 8) and (III. 9) were appropriate to assure 
that similar regions of the nonlinear bladder response range would be 
experienced. Furthermore, it was observed that (III. 3) was approximately , 
met by the results, provided that Equation (I II. 4) also was imposed. 
However, Equations.{III .5) and (III. 7) are violated by this approach. 
Nevertheless, an exact simulation Is not necessary, as the analytical 
model parameters can still be matched to the distorted model results. 

The above conditions result in the following prediction param~ 
eters convenient for measurement under a > g conditions, with harmonic 
excitation. 


and 


.X^u^/g 


m 


'ip 




X^UJ^/Rg 


m 


"Ap\XQ«2/Rgj 


(III. 10) 


(III. 11) 


Equation (III.IO) represents the dynamic apparent mass of the fluid under 
translation, while Equation (III. 11) represents the dynamic apparent 
moment of inertia of the fluid under rotation. 


For a < 1 .0 g acceleration conditions, the above modeling 
approach can also be used. However, in this case, another type of dis- 
torted model simulation is considered. That is 


> SG of 1.0, i.e., zinc bromide 

py = S6 of 1 .0, . i .e. , water 
W.ith this Equation (I II. 7) is written as,' 






m 


P 


(III. 12) 


. ■ — wu«U*«.f^, 


I 1. 1 1 uvviy^p 


m 



11 


This condition, as well as most of the others, are violated, so that 
a true modeling is not considered. However, the results still allow 
separation of the stiffness and gravity effects on the natural fre- . 
guencies of the analytical model under approximately simulated low 
steady acceleration conditions. 

In order to determine the validity of this approach, a series 
of experiments with 2.0 SG zinc bromide solution over water as ullage 
was planned. The results of the-.e tests were compared with those of 
water over air at the same fill conditions. With a sufficiently good 
comparison of results, a second series was planned with 1.25 SG zinc 
bromide over water at the same fill conditions in order to separate 
the effects of gravity from the bladder spring constant at low values 
of axial acceleration a. 


Under all test series conditions, measurement of steady state 
dynamic response under harmonic excitation according to Equations (III. 10) 
and (III.ll), as well as certain other static and dynamic measurements 
to be described below, were considered sufficient for determination of 
all required model parameters. 
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IV. EXPERIMENTAL STUDY 

A. Description of Apparatus 

¥ n». V the^basic apparatus are shown in Figure 2a for 

V Ji'^^'^slation, and Z-axis rotation, and in Figure 2b for X or 

Under the five indicated axes, along with 
measurement of dynamic force and acceleration at the input 
points were necessary for each configuration test series For water/air 

^ bromide/air and zinc bromide/water con- 

th2 an aluminum top half of the tank was installed in place of 

bromide was found to cause corrosive deterior- 

ation Of the plastic* 

ciinnr,,»*aa transUtion , or 2-axis rotation, the tank was 

supported on the pendulum support shown in Figure 3. Six cables viere 
used for translation, while two hydraulic actuators, attached on each 

m«! ]n-phase to provide the harmonic excitation. A 3000 lb 

^ reaction support. Acceleration inputs were moni- 

displacements from 0 to 4 Hz, and constant 
^ ^0 approximately20 Hz. The two inputs were monitored 
anJjr'^^ThJc’ within + 1 dB amplitude and within 5° phase 

achieved by inputting the identical oscillator 
c t fJr Pf'ovicling an amplitude and phase adjust 

circuit for the input to the second actuator, so that differences in 
actuator transfer, functions could be nulled out. At the same time the 
input force amplitudes and phases were read and recorded. This proced- 
ure was used for most of the test data acquired. Data were hand^re-^ 

settings and later reduced for plotting. 

IIa ^ cables were used on the pendulum support, 

operated to produce, input motion o.f 
Identical amplitude, but exactly out of phase 

k 4 ^ Y-axis rotation the tank was installed in the ball 

?? Pijch apparatus shown in Figure 2b. In this case only one hy^ 

f'equired. Data were taken utider harmonic excitation 
similar to the other setup. 

ni^e+ 4 .. was made of 3/8-inch thick lucite 

plastic. Two ellipsoidal halves were molded and attached to a center 

atTts^^cirSlLnr*®' also formed the mount for the bladder lip 
fJtuJl tiS? th ^as essentially the same as in an 

fnd ti were fastened together by sixty bolts 

Sn?fc H* were also fitted with two standard 3/4-inch machine 

bolts at opposite sides to allow rotation of the tank about a diametral 

ditarhAd®" ^9^'’ cables, and the hydraulic actuators 

This^allowed determination of. static stability of the bladder 
surface for- various angular orientations of the tank. The nomonal 
interior dimensions were 40 in. major diameter by 30 in. minor axis. 
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CRIGINA!. PAG£ 

i'M.ACK Wi'l fl'- 1’1'iOlOGRAPK 



a. X or Y-Axis Translation & Z-Axis Rotation 



b. X or Y-Axis Rotation 
FIGURE 2. experimental APPARATUS ARRANGEMENT 
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iras r :'M “-K 

ceir?2pabirS/S«LHng%he'’Ser9M 

1 -ininH ^ Generally, ordinary tap water was added as a simulated propel 
\llVL thfllQu d side of the bladder until the desired weight was. 

• T!ii“pini°:i?J"virver^ua?h;3 :rrri33L3rA3°3ar ri jin™ 

o3»3r 3iate™f We top and bottom. One valve was used for water filling 

:^drb31S3^;;?7ed3“?^e"3!l3gr^3r33s’'3^r??tred'':fthn 

after water had set in the tanks for several hoiirs. 

Detail procedures developed for filling 
varied with the liquid fill condition which was desired. 
win be Given in the individual sections to follow. However, the general 
rriunS%2res in2lSded several cautions. A differentia pressu^^^^^^^ 

l SUhTatIr irit!" Z wik1ould13 ™?ft/d^w1W "e'than 

100 pounds of water on the liquid side (this caution was designed to 
prevent unnecessary strain on the bladder attachments). 

B . Liquid Under Ullage - 52 Gallon Configuration 
1 . Filling Tank 

This configuration represents approximately ®^'^/2-full 

ssia;: 'Ki.rat ss J: s .. 

EsSlr IK s,‘K sKKasivr;K’Kisr.sf “ * 

? 3 uU 11 ^ 3bout OO pounds of water were filled Into the "ou id side. 

was vented to allow all air to escape. Pressure from the ullage 
rglw'3?;«5° I33“iw h3w n?irautcll33 th3'?3nk las rotated to the, 

rti^s ^f^nrdTn3ii\S3%«rr3d'?iruw 

After water had set in the tank for several fiou»'S, it was 

found that some dissolved air emerged from solution and caused bubbles 
A Kiar 4 Ha*' Thi< ^ 1 wss rsmovscl by first drsimnQ most of th6 

55?o'I1fp3rate''h3l3’l3g'’?lnrrh™3gh^ hose again attached to the 
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tank. With The tank was rotated until 

was left attached, but water jalve shut on 

the water was ^pSaininriir This valve was then closed and 

allowed purging of position. The holding tank 

the tank rotated back to the liqui oLned, and the water was then 

now ready for experimentation. 

2 . Description of Bladder Surface 

A photograph of the bUhder ?SL^°^,‘«pects 

configuration is shown sketch of the Lrface in a vertical 

of the shape by These data indicate that the shape was 

diametral plane is o?®i®ays t^ case after filling to this 

rorf’/gu^^e???5rfo^oI^t?rs%:u^lS!. distortion,, or folds, ,n the 
surface would occur . 

J" ‘^J%Srrild5e‘r's"orfe« SSeffrlU^Sl^h Tlolt. 

was also removed, and the bladder surface pro^^^ could be imposed. 

Stick. It was found ^ described in a later section, the 

furfrc:\Sd^^trrls?orri«eff’tra ^re.or less symmetrical condition. 

3 Static Stability of Bladder Surface 

.ss'i; 

the tank was rotated to anaular positions is shown 

rn^F?ru?e1.‘1t^«S1e sfen that essen^ 

rslen??ri“;^et“carshl?e’ts"°relssu^ to the horltontal 

position frim any of the other angular orientations. 

4. steady State Harmonic Response 

Response of the bladder surface P^S^°^h^2lftrt^^exci- 
16 mm film, and the input g®]j®tr^whiU more complete data are 

Sr::rfom^u?erro:^rhe^l“rllTe?^y^re?rd^hOwn in Figure 7. It will 






X-T EXCITATION 
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=ssssf®i|%: 

«if1gura ions present 

a sunimary of results 

S'ICm 

tn a.Uter’Uctlon a?ong with derivation of the parameters for the 
analytical model. 

C. Mquid under Ullage - 108 Gal lon Configuration 
1 . Filling Tank 

This configuration was studied inmediately after 

Then, the holding tank was water weight of 900 pounds 

lilrlrnlere^'' rpla^JJ^stl’tJe^^M and we,we?e ready 

to. proceed with this configuration. 

2. D escription Of Blad der Surface 

A Photograph and cross-sectional sketch of the bladder sur- 

3. static Stability of Bladde r Surface 

Again the bumping and angular tilt-approaches were used 

frimlnfif'lhranguUr orientations Indicated, the surface simply re- 
assumes the more or less synmetrical shape. 


TABLE 1. SUMMARY OF TEST RUNS CONDUCTED, 


A. Liquid Under Ullage 


t X-T ! • Y-T 2-R X-R Y-R 


2 Gal . Water A1 


108 Gal. Water A2 


. Water 
ater 



A3 

A3 

A4 

A4 



Static 
Stab lilt 


B. Liquid Over Ullage 

Configuration X-T Y-T Z-R X-R Y-R 


CG Static 
Offset Stabillt 


Dynamic 

Friction 



B23 B24 1.00 


1.25, SG 
54 Jial. 

2n.Br. 

Over Water 

* Numbers refer te Figures in. the Appendix 

*»'' R designates resonance search only , « 

t X-^T “ X-Axis Translation i Y-T ■ Y-Axis Translation, 2-R 


•i 2«Axls Rotation, etc. 
































TABLE 2. SUMMARY OF RESONANCE WA 
Liquid Under Ullage 


X^T Y**T X"*R 

Configuration ^ Hz I 3 iz I S Hz] S Hz I S 


52 -Gal. Water 


in-pp 


0.25 


CG 

Y-R Amp. Offset 


Hz 1 6 in-pp in. 


2.1 0.12 

1.7 0.09a| 0.25 4.81 

0.50 . 






0.082^7.6 0.110 1.5 0.067^0.10 5.05 



0.25 1.53 
































































'i 


'J 

i 

1 

] 


FIGURE 9* STATIC STABILITY OF BLADDER FOR 10 8 -GAL. 
WATER- UNDER- ULLAGE CONFIGURATION 
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4 . Steady State Harmonic Response 

Movies and Input parameters were again acquired for steady 
state forced response In a frequency range up to 20 Hz. The same Input 
motion amplitudes were used as with the previous configurations, and the 
resulting Input forces were recorded. Some results are shown In Figure 
10. In this case, an antisymmetric slosh mode occurs at 1.6 Hz. From 
Its Indicated mode shape, It can be seen that motion occurs principally 
over about 75% of the surface diameter. Free decay resulted In a damp- 
ing ratio of 0.110. Nonlinearity with Input motion amplitude was found 
to be very similar to that of the previous case. 

D. Liquid-Over-Ullaqe Configuration 
I- Tank Filling Procedure 

This was the third configuration studied. To obtain the 
desired fill condition, first, all but about 100 pounds of water was 
drained by gravity. Into the holding tank. Then, the TORS tank was ro- 
tated to where the liquid side was on top. The tank was then attached 
to and hoisted slightly by the weighing apparatus. Thereafter, addi- 
tional water was drained by gravity from the holding tank Into the top 
of the TORS tank, until the desired water weight was achieved. Subse- 
quently, the air valve on top was opened until all air bubbles were 
vented. Finally, the weighing apparatus was removed, so that the TORS 
again rested on the -pendulum support. 

There were several different liquid over ullage config- 
urations for which data runs were performed, as can be seen from Tables 
1 and 2. The, description given in this section applies principally to 
the 54 gallon water over air and 2.52 SG zinc bromide over air conflr- 
uratlons. However, procedures for the other cases were similar, and 
data for all runs Identified in Table 1 are given In Table 2 and the 
Appendix. 


2. Description of Bladder Surface 

The 54-gallon water over air configuration represents 
about a half-full condition for the lower TORS tank. A photograph and 
diametral cross-section sketch are shown In Figure 11. The shape of 
the surface was essentially symmetrical on each side of this diametral 
plane. For this case the photograph is somewhat misleading, as light 
distortion tends to show the bladder -wrapped around at the upper right 
hand side of the tank. This does not occur, but slight wraparound of 
the bladder does occur at each side (as seen in the foreground of the 
photo). 
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As indicated in the sketch, the horizontal offset of the 
liquid center of gravity was 4.81 inches. This was determined by 
ind the tank at three support positions and subtracting out the effects 
oAhe tank itself. The vertical position of the center of gravity was 
not determined. Similar offsets for other configurations are given in 

Table 2. 

3. Static Stability of Bladder 

First, it must be said that there was absolutely no ten- 
dency for the liquid to stay on center. To the contrary, the overwhelm- 
ing tendency was for the liquid to flop into the side position shown, 
although the exact side location could, of course, be 
vertical axis. It then became pertinent to consider what would make the 

liquid move to some other side position. 

Initially, the tank was tilted by 10° increments toward 
the liquid side, in the diametral plane of symmetry. Figure 12 shows 
the results of this approach with 54 gallons of water. Essentially, the 
liquid and bladder remained stable and tended to shift more and more to 
the downward side. Then, the tank was^ til ted toward the ul age side i^ 
the diametral plane, of symmetry. Results are shown in Figure^ia. 
that at 10^ very little occurs. However, as approximately 19 to 20 were 
approached slowly, flop-over occurred in the plane of symmetry. That is, 
the liquid flopped directly over the top, with no tendency for it to 
creep around the side. It is conceivable that the letter might happen 
if the angular positions were changed extremely slowly. Once the liquid 
flopped over, the 30° position was essentially the same as that in Figure 

12 . 

The tank was also tilted in a 90° cross plane. The results 
are shown in Figure 14. It is necessary to show a top view of the tank to 
describe what happens. Here it is understood that liquid is present to 
some extent near the tank wall in the upper, half. ,5°'^®''®*'* 
inq is employed to indicate where most of the liquid appears i[) ^Je top 
view. One local fold is shown on each side of the tank. The tank is 
then tilted.slowly as indicated in the figure. At 5 very little occurs. 

At about 10° the liquid and bladder begin to creep around to approximately 
45° from its initial position. By tilting to 20 the surface has completely 
reoriented as indicated. Similar results were obtained for other liquid 
over ulIsQe configurations! and will be suirmarlzed later* 

For 54 gallon water, more accurate data were taken for 
bumping of the tank in the horizontal plane. The el ectrohydraulic_ actu- 
ator wL used to input a half sine transient in the plane of symmetry 
for the bladder surface. The intent was to see if the 
made to flop over to the Other side. Some results are sljown in FigureJS 
as .input displacement and force time histones. It was found that even 
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with rather large displacements (either pulling or pushing at the tank), 
the surface remained essentially unchanged, ana in fact, very little os- 
cillation of the surface. occurred. 

4 . Dynamic Friction of Bladder 

For the 54-gallon water over air case an additional experi- 
ment was performed to help determine the creep 

ties of the bladder. The tank configuration was set on the X-Y axis ro 

Mtlon a55^atur1Ln 1n Figure 2, without t5 bfablS 

side of the tank was supported by a hoist instead, if' to te a 

to aoDlv relatively large angular pitch displacements suddenly. Jf"". . 

^iallv thl bladder, bubble wis set up so that the tank would rotate about . 
the Y-axis The tank was then suddenly tilted to a given angular pitch 
disolacement, and the bubble angular position about a vertical axis was 
obsertervisially as a function of time. Figure 16 shows some results 
of this experiment, for three different initial Pltgh on 

la?gertilt angles the bubble shifted to 90° very rapidly. For 

smaller angles there was very little shift. 

5. Steady State Harmonic Response 

With the liquid over ullage configuration, it can be .seen 
that shaking along two different P''if}cipal axes is loQ'cal . 

«hnws results where the tank was excited along the X-axis in translation. 
oKr^onanU occurs ut 1.6 Hz. The mode shape is easiest described b,i 
the Indicated top view of the tank. Essentially the mode is ®Ftisy - 
mptrir where the inclined portion of the bladder surface which ts parallel, 
to^the SdLtion is most involved. No such low frequency mode was found 
for J^anslatioS Ldtation along the Y-axis (in .the plane of synmetry) . 
HSieie^ late^evidenc^ 54 gallons of 2.52 zinc bromide solution 
over air in Y-axis translation, andwithboth water and zinc bromi .>o- 
lutionrin X-axis Pitch, indicates clearly that a highly damped mode 
Ipplars at LoutS^S tS’s Hz. Some inforLtion on this mode is given 
in^Figure 18. By consulting the plotted data 
can be seen that this mode causes significant offloading oj mass 
at high frequencies. The existence of 

obvious when the experiments .were begun, and tended to be highly 
obscured with the water -over-air configuration. 
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E . LiQuIckover-liouid Configurations 

In section III.B an approach for partial simulation of vari- 
able gravity was presented. That approach leads to 
distorted iihysical model with which measurements are made to verify 
the adequacy of the postulated analytical model. The distorted model 
includes the use of zinc bromide mixtures over water as ullage, to 
simulate partially a. low gravity condition. With this concept, 54-gal 
of 2.0 S6 zirc bromide over water was used to simulate water over air- 
at l!o g fo^ comparison with data obtained from the 54-gal water over 
air configuration. Comparison of the results must be made with the 
TOdel. These details, «111 be Included th the Append u. 
Subsequently, 54 gal water at 0.25 g was simulated by 64 gal 1.25 SG 
alnrbromlde over water, and 54 gal water at 0 g was simulated w th 
108 gal water under water. Pertinent. results from these wests will 
also be discussed in the Appendix. 








(||p|pPP|||||PPPiqpiffVP I TTT^ * 
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V. DEVELOPMENT OF MODEL PARAMETERS 


A. LiQuid-Under-Ullage Model 

1. Equations of motion . The slosh model for the forward 
tank was shown previously as Figure la. Letting '1'^ be the angular 
rotation of the pendulum relative to the angular rotation of. the 
tank, the equation of motion for the pendulum is 


•• 



+ 





Ko+m L a 
J LJ- 




(v.i) 


where y is the tank translational excitation along the Y-axis and (i)^^ 
the tan^ rotational excitation around the X-axis. The forces; and 
moments predicted by the model, including the contribution of the 
immobile mass and the empty tank inertia, are 


Fy = - uj^yQ + 2 ien]J 

+ m^ (L,-h^)[fi^ + a/(L,- + 2 i6n]](V.2) 

M ^ * >0 ^ '^1 

+ m^ (Li -h^)§2 + a/(Li-h^) + 2 ien]j 

^2^^ 6^“"^ + Iq + %h^2 + m^ (Li -hj“ 

+ m^ (L^-h^)^ + a^/ (Lj-hj)a2(i)'*i + 2a/(Lj-hi)u>‘Q/ 

[l-n2+2i6n]^ (V.3) 
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In these equations, a simple, harmonic excitation e-“^ has been assumed*, 
also mj and I^-are the empty tank mass and moment of Inertia, ^ 

* t(K 0 ■»* miLial/m^Li^]^''^ is the slosh frequency, s * yz m^wj 
is the damping ratio, and n = u/u^ . 

2. Empirical determination of parameters . Numerical values 
of the model parameters have been computed for the two test filling levels: 
92.7% full and 4.4.6®% full. The model for the. 92.7®% filling is described 
first. 

Experimental data available for determining the parameters 
are given in Figures A2, A3, aad A4. The relevant data can be summarized 
as follows: 


Translation excitation, 

•- resonant frequency » 1.6 hz . 

• resonant force = 1350 lb per g 

• damping ratio » 0.11 

• for.n » 1 , "rigid body" force * 1050 lb per g 
Rotation excitation, d),, 

• resonant frequeacy * 2.2 hz 

2 

• resonant moment = 295 in-lb-sec 

• damping ratio = 0.11 ^ 

• . for a » 1 , "rigid body" moment = 200 in-lb-sec'^ 

" 2 ero-q" rotation excitation, 

• resonant frequency » 1 .0 hz 

The resonant frequencies for rotational and translational excitation 
differ somewhat, although visual observations during the tests con- 
firmed that the same mode was excited in both cases. The difference . 
is apparently due to nonlinearities in the bladder motion. Since 
translation excites the mode a little more cleanly than rotation does,, 
the translation frequency is assumed to be the more appropriate 
estimate. 


The weight of the empty tank and test fixtures was de- 
termined to be 284 lb, and the moment of inertia was 170 in-lb-sec . 
The center of mass was calculated to lie 0.99 inches below the center 
of the tank. 


‘ ■ -TTi I 'iii^i I ift'aiwwNLiiML 
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I'r.Vit 'T lJfdISa‘?e“2„!?es 

S?^) ‘fhe^“d?c"led'‘Morf™o' !*“ 

P[e<3icted high-frequency limiting value of the force 

?“l^rc?Ssrion!:d^ ™alI?L’fc5T,li:?T.'^ * "t). w"" 

solely from knowlldoe of cannot be determined 

be used. For tha? tL? tL „ *'’* simulation must also 

fhh Fr^T 2*^ J^-cuIJ?e‘r- 

io‘52efi?22^2rS?;;t^ 

location requires that h * n 19 •inrho.e. center of mass 

slosh mass. Finally, sifice I* + SS^l 

of Inertia l of the 1mmob11e^mass®can"^ft^Orai^ 200 In-lb-sec^, the moment 
A sundry of»all S«2T2rL%e™rs“ir2l52„'?Jt2f|S“.‘>' 

?i9:s^ir’2?er ‘«"-s'i22iu2?idrt22"22f25aJr2aL"'?2^‘ • 


Translation excitation^ 

• resonant frequency s I .3 hz 

t resonant force = 1150 lb per g 

• damping ratio : 0.091 

• for q »1, "rigid body" force « 550 1b per g 
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TABLE 3. SLOSH MODEL PARAMETERS FOR FORWARD TANK 

3. a 92.7% Filling (900 lb of hydrazine) 

nij ® 78 lb 

» 822 lb . 

L^ = 4.9 Inches 

K » 175.8 In-lb 
9 

C« = 11.39 In-lb-sec 

w . 

Iq = 29.9 1n-lb-sec^ 
hj = -4.9 Inches 
h^ = 0.15 Inches 

3.b 44.6% Filling (433 lb of hydrazine) 

mx » 135 lb 
iHq » 298 lb 

it 

Lj * 6.4 Inches 

K » 175.8 In-lb* 

0 

C = 22.26 In-lb-sec* 

0 • • 

I. * 14.4 1n-lb-sec^* 

0 

hx = 0* 

h„ « 6.2* , - 

Q 


*. 


Best estimate 
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Using these data, It turns. out that the best correlation 
Is given by = 135 lb, m * 298 lb, and 1.36 hz. The predicted 
high-frequency limiting force is 582 lb, in good agreement with the 
test. Compared to the 92.7^5 filling results, the value of mi agrees 
with the known result that the slosh mass in a spheroidal tank has its 
maximum value near a half-full level [1]. The remaining parameters 
must be estimated, since other test data are not available. The bladder 
stiffness Kg is assumed to be equal to the 92.7% filling value, namely 
175.8 in-lb. Since * 1.36 hz, the required pendulum length is thus 
6.4 inches. For an unbladdered tank of the same shape and filling level, 
the pendulum hinge point hj^ 2 0 [1]; this value is assumed to hold for 
the bladdered tank as well. The immobile mass must therefore be 6.2 
inches below the centerline in order to preserve the center of mass 
location. The moment of inertia I of the immobile mass is assumed 
to be in the ratio of the filling levels with respect to the 92.7% level; 
that is, I » 29.9 C.446/.927) = 14.4, inrlb-sec^. All these values are 
summarized°in Table 3.b. 

B. Liquid-Over-Ullage Model 

1. Equations of motion . The model representing the sloshing 
dynamics, as contrasted to static stability characteristics, is con- 
sidered first. Figure lb shows the model. Letting Xi be the displace- 
ment of the slosh mass in the X-direction (i.e., the low frequency mode),, 
and yi similarly for the y-direction (i.e., the high frequency mode), 
the equations of motion of the slosh mass are: 


and 


X, . -X, - h, r,*; 


i?l + 2Sj yj + u\y,* -y + $ 


(V.4.) 


(y.5) 


1/2 1/2 

Here, Ci/2mi«i, $2 ~ C2/2mi (Kj/mi) , and« 2 » (Ka/mi) 

By solving these equations for simple harmonic equations, the forces and 
moments, can. be. found to. be: 


^ V 


+ iiIq + + 2101 

(mihi- + mihi(n\ + a/h,«>i^)[l + 2 1®iPi]J 


2 X i«t 

.tt)2 


+< 0 ^ 


(V..6), 


s 
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Fy = 


\e’“‘(m^hj-nioh^«ihj(a2j+ »/\“ 2'>/D " “"2* 


(V., 7 ) 


c -«.%e’“‘{mjhj,m(,h^+mihi(n22 + a/hi"\)/[’ ' * 

[it, ■► Iox " ' X ■" ”o^''o' ^ '■o' > * "'i"’i' * '■1'’ 

♦ nij(h 2+rj^)[n\+ayHj2n\«2'‘ +2a/"i“^i]/[’ '“^2* 




-“*V^“'.('Ty ^ ‘oy * '"o''o* * 

+ i»jhj2(0i2 +a2/hj0,2 »} + 2a/hj»j2)y7[i - a, 2+ 2ie,njj 


(V. 9 ) 


and 


M2_» 


-0,2 [lj2 + I02 + %»'o" 

+ mjr^2(j^^2 + a2/r^fi^2y^4 + 2a/r^co^2)/j^l -n 2 + 2i6^njj 


(V.IO) 

, / =>*aw w - rh 2 + « 2u/2^ the empty tank 

Here ^^1= o,/o>i, ^2 * “/“2» 7 

Inertia properties are m^, = Ijy» ana 
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confirm the values, derived from the baseline tests.) The relevant data 
for the 46.3% full. tank are given in Figures B1 through B5. 

For the test: that excited the low-frequency mode, the 
required data are as follows: 

X-axis translational excitation 

• resonant frequency s 1.6 hz 

t resonant force * 960. 1 b per g 

• damping ratio « 0.116 

• . for n^»l , "rigid .body" force s 450 lb per g 

y-axis rotational excitation 

t resonant frequency s 1.7 hz 

• resonant moment * 525 in-lb-sec 

t damping ratio « 0.094 

• for fii»l, "rigid body" moment *.215 in-lb-sec 

z-axis rotational excitation 

e resonant frequency * 2.4 hz 

• . resonant moment * 340 in-lb-sec 

• damping ratio (undetermined) 

• for ili»l , "rigid body" moment « 300 in.-lb.-sec 

For these tests, the empty plastic tank properties are: m* « 284 lb, 

* Ify " 170 in-lb*sec^, and ~ 250 in-lb-sec^. The center of 

mass of the liquid is at y * 4.81 inches (measured)and z ® 1 .4 inches 
(estimated). There is again some differences evident in the resonant 
frequencies; the value. selected for the model is 1.6 hz, for reasons 
similar to those. given in Section V. A. Likewise, an average value, of 
damping ratio equal to 0.11 is used. 

Using equation (V.6) to correlate the X-axis translation 
data yields the best estimates of mi = 144 lb, m « 306 lb, and * 1.7 hz. 
The spring constant Ki is therefore 42.5 lb/ in and Ci = 0.876 in-lb-sec. 
Since it contains contributions from both bladder stiffness and effective 
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gravity, can vary with the thrust level; the variation will be de- 
termined later. The damping constant may also vary. With these values 
of the parameters, the slosh force and phase data are predicted fairly 
well throughout the frequency range. However, the high-frequency limit- 
ing force Is predicted to.be 590 lb per g, which Is somewhat larger than 
the measured value of 450 lb per g. 

Since the high-frequency limiting moment per unit angular - 
acceleration for excitation about the y-axis Is 215 1n-lb-sec^ (from the 
tests) and In the model Is Ify + Iqw + rnghp*, equation (V.9) can be used 
to compute the value of h^ that test correlates the resonant moment; 

It Is hx * 8.5 'Inches. To preserve the center of mass location requires, 
then, that h = 1.9 inches (below the centerline). The - comp iled value, of 
I^y works out to be. 42 1n-lb-sec^. , 

The z-axis rotation data can be correlated with equation . 
(V.IO) In order to predict the best value of ri. Realizing that 
^Tz ^oz "’o’^o^ 1n-lb-sec^, the model predicts that ri= 2.0 

inches. °ihus, r must be 1.1 Inches in order to preserve the center. of 
mass location, and must be 49.0 in-lb-sec^. 

The high-frequency mode was not prominent In the water 
tests. The only reliable data from these tests are the high-frequency 
limiting force of 700 lb per g for y-axIs transUtlonal excitation and 
the high-frequency limiting moment of 200 in-lb-sec^ for x-axIs rotational 
excitation. The model predicts a limiting force of 590 lb per g, the 
same as for x-axis translational excitation. The high-frequency limiting 
moment would imply that Iqx + Ux * 14 1n-lb-$ec , but this Is perhaps 
beyond the limits of accuracy of the data. The zinc bromide tests must 
be used to predict the other parameters of the high-frequency slosh mode. 

It win be shown later that these tests can be correlated with the model 
derived from the water tests merely by Increasing the masses and moments , 
of intertia In proportion to the liquid density ratio of 2.52. In 
particular, mi» 363 lb and m^ » 771 lb. The relevant data for the high- 
frequency mode from Figures B.6 and B.9 are as follows. 

v-axis translational excitation (Z^^B^.) 


i. resonant frequency • 7.5 hz 
t resonant force « 1450 .1b per g 
f damping ratio (undetermined) 
e for 02 » 1 , "rigid body" force (data unreliable) 
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x-axIs rotational excitation (Z^B^) 


• resonant frequency ■ 7.5 hz 

• resonant moment * 730 In-lb-sec 

• damping ratio (undetermined) 

• for ^2 » "rigid body" moment « 150 1n-lb-sec^, 

For this tank, m^ = 234 lb, * 170 1n-lb-sec^ and * 216 1n-lb-sec^ 

Equation (V. 8 ) can be used to correlate the resonance 
curve of the measured moments, which Is the more clearly defined resonance 
of the two relevant tests. The only undetermined parameters 1 n this 
equation are, however, 62 ®nd I „ + T. . The best value of 62 computed 
to be 0.076, which Is somewhat less than that of the low-frequency mode. 

The computed values of 'lx ^ 'ox about zero. The model predicts reason- 
ably well the entire resonance curve above about 4 hz for this x-ax 1 s 
rotational excitation. However, the resonant force peak of the y-axis 
translational test data Is considerably over-predicted. The conclusion. 

Is that a single slosh mass cannot be made to fit accurately both the 
low-frequency and the high-frequency- modal data. Since the high-fre- 
quency mode appears to be of a more obscure nature, a single slosh mass 
model is retained nonetheless .for the sake of simplicity. 

It will be demonstrated later that the dependency of. Ki 
on the Inherent bladder stiffness and on the effective gravity is 
Ki » 9.54 + 32.96(a/g), In units of 'lb/ 1 n. Assuming the same proportions 
hold for K 2 , which must have a total value of 2086 Ib/in In order to 
predict W 2 ® 7.5 hz. Its dependence on stiffness and effective gravity 
1 $ 


K 2 .= 214.8 +. 742. 5(a/g) lb/1n.. (V.ll) 

where g Is the standard gravitational acceleration. It will also be 
shown later that the damping constant should depend on the bladder stiff- 
ness In the same way as Ki does; thus since C 2 ® 6.67 for the zinc bromide 
test,, the general correlation Is: 

C 2 ? 0.0032 [ 214.8 + 742.5 (a/g)] Ib-sec/in (V.12) 

Most of the tests employing zinc bromide as the simulated 
propellant, as well as the tests for which the ullage was filled with 
liquid, were deiigned to confirm the values of the model parameters de- 
rived above and to determine the dependency of K-i on the steady acceler- 
ation a. The tests for wh.lch zinc bromide was tne simulated propellant 
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win be discussed first. Zinc bromide has a specific gravity of 2.52, 
so the static load supported-by the bladder Is the same as If the liquid 
were water and the effective gravity had a value of 2.52 g's. The de- 
formed shape of the bladder was, however, virtually the same as when 
water wac .used, and the mode shapes of the sloshing also appeared to be 
similar. . These observations, along with the discussion of the similitude 
analysis presented In Section III, allowed the conclusion to be drawn 
that the slosh dynamics for the zinc bromide tests should be correlated 
by the model derived from the water tests, except of course all masses 
and Inertias should be Increased by 2.52. The effective value of Kj 
should also be changed. In a way to.be determined by the tests, since 
the relative contributions to of stiffness and effective gravity have 
changed. The data available to coaflrm these suppositions are given 
In Figures B6, B8, and BIO, which are summarized as follows.. 

x-axIs translational acceleration 

• resonant frequency » 1.5 hz 

• resonant force .• 2260 lb per g 

• damping ratio « 0.077 

• "rigid body" force • 600.1b per.g 

y-axis rotational acceleration 

• resonant frequency • 1.5 hz 

t . resonant moment » 810 Inf lb-sec^ 

• damping ratio « 0.067 

• "rigid body" moment • 200 1n-lb-sec^ 


z-axis rotational acceleration 

f resonant frequency • 1.6 hz 
t. resonant moment « 705 In-lb-sec^ 

• damping ratio • 0.082 

• "rigid body" moment * 215 1n-lb-sec^ 

in fact, the model does correlate these data fairly well, when the test 
data are re-plotted against non-dimensional frequency n. In order to re- 
move the difference In wi between the water and zinc bromide tests. The 
measured resonant slosh forces are predicted with practically no error, 
and the resonant slosh moments are predicted to within + 10%. These close 
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comparisons help confirm the. simulation method. Further, the change.. 

In uifrom 1.70 hz to 1.58 hz between the water and the zinc bromide 
tests permitted the stiffness effect of the bladder on Kj to be computed. 
As discussed earlier, the result of this computation Is: 




9.54 + 32.96 (a/g) Ib/ln 


(V.13) 


The decrease In damping ratio from about 0.11 -to 0.08 Is 
consistent with the Idea that most of the damping arises from bladder 
viscoelasticity. Ideally, the damping constant, then, should depend on 
stiffness and effective gravity In the same way as K^. The computed 
values for the water and zinc bromide tests are, however. In the ratio 
of 1.7 while the K, ratio Is 2.2. The discrepancy may be caused partly 
by difficulties experienced In evaluating the damping ratio experlmencaily. 
Considering these facts. It. is recommended that be taken as proportional 

to K,, with the constant of proportionality chosen to equalize the pre- 
dicted error In the two computed values ofC^. Thus . 


Cj » 0.018 [ 9.54 + 32.96 (a/g)] (V..14) 

(The predicted damping ratios are now 0.096 and 0.089 rather than 0.11 
and 0.08.) 


The tests for which the ullag'-’ was filled with liquid 
were designed primarily to prove that equation (V.13) rfinalns valid for 
a< g. In order that the sloshing as a 0 mlgnt be^oredlcted with some 
confidence. These tests did confirm equation (V.13).^ 
tion of the model and the tests Is, however, not straightforward because 
the mass of liquid In the ullage must be taken Into account. For that 
reason, the details of the comparisons are presented In Appendix .c.. 

The static stability parameters of the model will now be 
determined. Both the water and the zinc bromide tests showed that the 
propellant would suddenly rotate "over the top" of thg tank to the 
opposite side when the tilt of the x*ax1s exceeded 20 . Thus, the Incli- 
nation, 9, of 'the Inverted pendulum Is 20 . Because rx * 2.0 inches, 
geometry requires that Li » 5.85 inches; likewise the pendulum hinge 
must be^at hi - Lx cos 20° » 3.0 inches (above the center of the tank). 

For large rotations about the y-axis, the liquid would 
slowly shift around the tank after some critical angle was ^^°r 

water, this angle was about 8°, and for zinc bromide about 7 • JJe nearly 
equal values of the angles indicate that the "stictlon force on the 
slider pads might be modeled as a dry friction with a constant coefficient 
of friction. Nonetheless, It is also feasible to account for the observed 
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variation; the two tests are correlated exactly by 

Fg « 4.24 + 0.325 a sin 20°.: 

» 4.24 + 16.01 (a/g) lb (V.15) 

(The coefficient of friction Is 0.325 and the inherent bladder restraint 
Is 4.24 lb.) After breaking away, the liquid would rotate around nearly 
90°, to a new equilibrium position, as was shown previously In Figure 16. 
During this motion, the average retarding force required to dissipate the 
Initial potential energy of the slosh mass is computed to be about 9% of 
the weight -of mi. This corresponds to a dynamic friction coefficient .of 
about 0.266 (neglecting the bladder stiffness). The computed time to 
reach the new position Is only 1n fair agreement with the observed time 
of about 60 seconds . 

Table 4 summarizes all the parameter .values. of the slosh 
model for the aft tank. 


TABLE 4. MODEL PARAMETERS TOR AFT TANK FOR 46.3% FILLING 


mi =144 lb 

m, = 306 lb 

ri * 2.0 inches . 

r = 1.1 inches 
0 

hi = 8.5 inches 

h^ » 1.9 inches 

Ki = 9.54 + 32.96 (a/g) ,lb/in 

Cl = 0.018. [9.54 t 32.96 (a/g).] Ib-sec/in 

Ka * 214.8 + 742.-5 (a/g) Ib/in* 

Cz * 0,0032 [214.8 + 742. 5. (a/g)] Ib-sec/in* 
I + I * 0- 

OX IX 

I » 42 in-lb-sec^ 

oy 

I , * 49 in-lb-sec.^ 
oz 

Li ® 5.85 inches 

0 = 20 ® 

Fg * 4.24 + 16.0 (a/g) lb (stiction force) 


Ko anti C« represent constants associated with the high frequency 
(7-8 Hz)^mode. Time and cost did not permit further testing to 
allow separation of the mass and gravity effects. Therefore, 
these effects were arbitrarily assumed to be similar to those 
associated with the lower frequency mode. 


VI. CONCLUSIONS 

The postulated analytical models appear to provide a reasonable 
prediction of virtually all. observed 11 quid/ Interface static and dy- 
namic behavior. In several cases the need for both amplitude and phase 
data were necessary to allow a good determination of a resonance under 
steady state, since the high damping characteristics of the bladder 
tended to make the responses obscure. The dynamic rotational amplitude 
data also contained errors below about 0.75 Hz. This error resulted 
from friction in the rotational apparatus bearings. However, no effect 
on the final results occurred because of this source of error. 
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PRECEDING' PAGK BLANK NOT FILMED 


APPENDIX A 

STEADY STATE HARMONIC RESPONSE DATA FOR 
LIQUID-UNDER-ULLAGE (FORWARD TANK) CONFIGURATIONS 


PLOT FIGURE 
CONFIGURATION 
FILL / LIQUID 
EXCITATION, AMPLITUDE 
EXCITATION AXIS-TYPE 


A1 

LIQUID UNDER AIR ULLAGE 
92 GAL. / WATER 
0. 25 INCH P-P 
X OR Y - TRANSLATION 


FREQUENCY- 

HZ 

0 499 

0. .694 
0. 822 

1. 000 

I. 152 . 

1. 287 

1. 406 
1. 497 
1. 700 
1. 821 

1. 961 

2. 083 
2 . 222 
2. 387 
2. 611 

2. 809 

3. 106 
3. 289 

3. 676 

4. 000 
4. 310 

4. 651 

5. OOO 

6. 000 

7. 000 

8. 000 
9. 000 

10. 000 

I I. 000 
12 . 000 . 

13. 000 

14. 000 
19. 000 
16. 000 

17. 000 

18. 000 

19 . 000 - 

20. 000 


APPARENT MASS 
Lfi/G 
617. 000 
718. 000. 
796. 000 
885. 000 
989. 000 
1137. 000 
993. 000 
584. 000 
400. 000 
394. 000 
390. 000 
399. 000 
436. 000 

439. 000 . 
513. 000 
468. 000 
918. 000 

480. 000 

498. 000 
’ 929. 000 

497. 000 
462. 000 - 
554. 000 
605. 000 
600. 000 
515. 000 
465. 000 
445. 000 
380. 000 
390. 000 
385. 000 

390. 000 
305. OOO 
380. OOO 
340. OOO 
320. OOO 

350. 000 
370. OOO 
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PLOT FIOURE 
CONFIOURATIQN 
FILL / LIQUID 
EXCITATION AMPLITUDE 
EXCITATION AX IS- TYPE 


AS 

LIQUID UNDER AIR .ULLAGE 
lOa QAL. /-WATER 
0. 25 INCH P-P 
X OR Y - translation 


FREQUENCY 

APPARENT MASS 

HZ 

L8/0 

0. 102 

9415. 000 

0. 203 

1702. 000 

0. 416 

542. 000 

0. 60S . 

920. 000 

0. 821 

1044. 000 

1. 009 

1 152. 000 

1.112 . 

1170. 000 

1. 218 . 

1160. 000 

1. 311 

1184.000 . 

1. 401 

1216. 000 

1. 524 

1279. 000 

1. 623 

1276. 000 

1. 721 

1274. 000 

1. 831 

1143. 000 

1. 938. 

979. 000 . 

2. 028 

951. 000 

2. 242 

934. 000 

2. 445 

916. 000 

2. 646 

978. 000 

2. 841 

' 1022. 000 . 

3. 040 

1058. 000 

3. 247 

1057. 000 

3. 448 

954. 000 

3. 650 

998. 000 

3. 861 

1023. 000 

4. 000 

1027. 000 . 

5. 000. 

1040. 000 . 

6. 000 

1015. 000 

7. 000 

1005. 000 

8. 000 

1020. 000 

9. 000 

1050. 000 . 

10. 000. 

1075. 000 

11. 000 . 

1125. 000 

12. 000 

1150. OOO 

13. 000 

1220. OOO 

14. 000 

1280. OOO 

15. 000. 

1300. OOO 

16. 000 

1310. OOO 

17. 000 

1200. OOO 

18. 000 

980. OOO . 

19. OOO 

680. OOO 

20. 000 

665. OOO 


ORIGINAU 

OF POOR QUALITY 


rLOT FIGURE 
CONFIGURATIOH 
FILL / LIQUID 
EXCITATION AMPLITUDE. 
EXCITATION AXIS-TYPE 


A2 

LIQUID' UNDER AIR ULLAGE 
108 GAL. / VATER 
a, 25 INCH P-P 
X OR V - TR.ANSLATIOH 


25ee 

.• m 

a 2d@9 
1500 


1 


W 10,30 


S !00. 

I*) 

3 


1 








PLOT FIGURE 
CONFIGURATION 
FILL / LIQUID 
EXCITATION AMPLITUDE ' 
EXCITATION AXIS-TYPE 


liquid under air ullage 

108 GAL. / WATER 

0. 2S INCH P-P 
X OR Y - ROTATION 

PHASE 
DEGREES 
-122. 000 
-12. 000 
-9. 000 
-2. 000 
32. 000 
0. 000 
-1. 000 
-1. 000 
-3. 000 
-6. 000 
-26. 000 
-34. 000 . 

-22. 000 
- 12.000 . 

-9. 000 
-7. 000 
-4. 000 
-4. 000 
-5. 000 
-6. 000 
-16. 000 
-IS. 000 
-14. 000 
-11. 000 
- 8 . 000 
-6. 000 
-S. 000 
-5. 000 
-4. OOO 
-4. 000 
-4. 000 
-3. OOO 
-4. OOO 
-4. OOO 
-4. OOO 
-3. OOO 
-4. OOO 


FREQUENCY APPARENT MASS 
HZ IN*Lfl*SEC2/RAD 
633. OOO 

A no 


0. 200 

0. 400 

0. 600 
0. 800 

1. OOO 

1..200 

1. 400 

1. 600 
1. 800 

2. OOO 

2 . 200 

2. 400 
2. 600 

2. 800 

3. OOO 

3. 200 
3, 400 

3. 600 

3. 800- 

4. OOO 

4. 010 
9. .000 

6. OOO 

7. OOO 
a. OOO 

9. OOO 

10. OOO 

11. OOO 

12. OOO 
13. OOO 
14. OOO 
19. OOO 

16. OOO 

17. OOO 

18. OOO 

19. OOO 

20. OOO 


141. OOO 
79.. OOO 
89. OOO 
220. OOO. 
233. OOO 
237. OOO 
246. OOO 
266. OOO 
280. OOO 
180. OOO 

139. 000 
161. OOO 

169. 000 

177. 000 
184. OOO 
191. OOO 
197. OOO 
200. OOO 
209. OOO 
206. OOO 
193. OOO 
199. OOO 

198. 000 
202. OOO 
202. OOO 

206. 000 

210. 000 
219. OOO 
219. OOO 
223. OOO 
229. OOO 

228. 000 
239.. OOO 
237. OOO 
241. OOO 
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PLOT FIGURE 
CONFIGURATION 
FILL / LIQUID 
EXCITATION AMPLITUDE 
EXCITATION AX IS- TYPE 


A4 

LIQUID UNDER WATER ULLAGE 
iOB GAL. / WATER 

0. as INCH P-P 
X OR Y - ROTATION 


APPARENT MASS 
HZ IN#LS*SSCa/RAD 


FREQUENCY 

0. 200 

0. 400 

0. 600 

0. 300 

1 . 000 

1. 200 

1. 400 

1. 600 

1. 300 

2. 000 
2. 200 

2. 400 

2. 600 

2. 300 . 

3. 000 

3. 200 

3. 400 

3. 600 
3.300 

4. 000 

4. 010 
3. 000 
6. 000 

7. 000 

8. 000 

9. 000 . 

10. 000 
11 . 000 
12. 000 

13. 000 

14. 000 
13. 000. 

16. 000 

17. 000 

18. 000 

19. 000 

20. 000 


633. 000 

138. 000 
352. 000 
158. 000 
431. 000 

202. OOO 
136. 000 
133. 000 
172. 000 

190. 000 

196. 000 

139. 000 

197. 000 
200 . 000 

203. 000 
208. 000 
199. 000 
193. 000 

191. 000 

192. 000 
196. 000 
202. 000 
202. 000 
202. 000 
207. 000 . 
214. 000 
212. 000 
213. 000 
219. 000 
224. 000 

227. 000 
232. 000 

238. 000 

244. 000 
248. 000 
232. 000 
261 . 000 


PHASE 
DEGREES 
- 2 . 000 
7. 000 
- 3 . 000 
- 8 . 000 . 
-12. 000 
-38. 000 
-30. 000 
-14. 000. 

-8. 000 
- 6.000 . 
-15.000 
-13. 000 
- 10. 000 
-8. 000 
-a . 000 
-10. 000 
- 11.000 . 
-9. 000 

-a. 000 

-7. 000 
-13. 000 
-14. 000 
-12. 000 
-11. 000 
-9. 000 
-9. 000 
-8. 000 
-7. 000 
-7. OOO 
-7. OOO 
-8. OOO 
-8. OOO 
-a. OOO 
-9. OOO 
-10. OOO 
-11. OOO 
-11. OOO 


PLOT FIGURE 
CONFIGURATIOH. 

FILL / LIQUID 
EXCITATION AMPLITUDE 
EXCITATION AXIS-TVPE 


M 

liquid-Juihler water ULLA( 
108 GAL. . / WATER 
0.25 INCH P-P 
X OR V - ROTATION 



A 








n?S:CEDIM<5 PAGF, BlAfvH NOT FILMED 


APPENDIX B 

STEADY STATE HARMONIC RESPONSE DATA FOR 
LIQUID-OVER-ULLAGE (AFT TANK) CONFIGURATIONS 


66 . 


PLOT FIGURE 
CONFIOURATION 
FILL / LIQUID 
EXCITATION AMPLITUDE 
EXCITATION AXIS-TYPE 


B1 

LIQUID OVER AIR ULLAGE 
54 OAL. \ WATER 
29 INCH P-P • 

X - TRANSLATION- 


FREQUENCY 

APPARENT MASS 

PHASE 

HZ 

LS/0 

DEGREES 

0. 100 

59. 100 

168. 400 

0. 200 

58. 900 

170. 500 

0. 400 

394, 000 

-0. 900 

0. 600 

600. 000 

3. 500 

0..800 

679, 000 

3. 000 

1. 000 

724. 000 

-0. 900 

1. 200 

779. 000 

0. 000 

1. 400 

820. 000 . 

-3. 500 

1. 600 

978. 000 

-7. 500 

1. 800 

693. 000 

-64. 000 

2. 000 

450. 000 

-58. 000 

2. 200 

393. 000 

-39. 000 

2. 400 

479. 000 

-21, 000 

2. 600 

534. 000 

-22. 000 

2. 800 

500. 000 

-19. 000 

3. 000 

949. 000 

-14. 500 

3. 200 

615. 000 

-21. 000 

3. 400 

503. 000 

-33. 900 

3. 600 

• 449. 000 

-29. 000 

3. 800 

423. 000 

-29. 000 

4. 000 

420. 000 . 

-28.. 000 

9. 000 . 

395. 000 

-23. 000 

6. 000 

415. 000 

-18.000 

7. 000 

460. 000 

-19. 000 

8. 000 . 

520. 000 

-17. 500 

9. 000 

475. 000 

-31. 000 

10. 000. 

425. 000 

-26. 000 

11. 000 

399. 000 . 

-23. 500 

12. 000 

379. 000 

-23. 000 

13. 000 . 

399. 000 

-21, 000 

14. 000 

390. 000 

-16. 000 

19. 000 . 

415. 000 

-16. 500 

16. 000 

470. 000 

-3. 000 
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PLOT FIGURE 
CONFIGURATION 
FILL / LIQUID 
EXCITATION AMPLITUDE 
EXCITATION AXIS-TVPE 


Bl 

LIQUID OVER AIR, ULLAGE 
54 GAL. \ WATER 
0.25 INCH P-P 
X - TRANSLATION 







PLOT FIGURE 
CONFIGURATION 
FILL / LIQUID 
EXCITATION amplitude 
EXCITATION AXIS-TYPE 

FREQUENCY 
HZ 

0. 200 

0. 400 

0. 600 
0. 800 

1. 000 
1. 200 

1. 400. 

1. 600 

1 . aoo 

2 . 200 

2. 400 

2. 600 

2. aoo 

3. 000 

3. 200 - 

3. 400 
3. 600 

3. 800 

4. 000 

4. 010 

9. 000 
6. 000 
7. 000 

a. 000 

9. 000 

10. 000 

11. 000 
12. 000 

13. 000 

14 . 000 
19. 000 
16. 000 
17. 000 


B2 

LIUUID OVER AIR ULLAGE 
94 GAL. / WATER 
0. 29 INCH P-P 
Y - TRANSLATION - 

PHASE 
DEGREES 
179. 000 
9. 000 

4. 000 
0. 000 
0. 900 
• 6 . 000 
-9. 900 
-9. 000 
-12. 000 
0 . 000 
-4. 000 
-6. 900 
-13. 000 
-3. 000 
-4. 000 
- 6 . 000 
-13. 000 
-20. 000 
-19. 000 
- 11 . 000 
-19. 000 
-42. 900 
-33. 000 
-29. 000 
-27. 000 
-32. 000 
-40. .000 
-44. 000 
-47. 000 
-41. 000 
-27, 000 
- 21 . 000 . 

-29. 000 


apparent MASS 
LB/G 
400, 000 
490. 000 
900. 000 
620. 000 
790. 000 
788. 000 
612. 000 
696. 000 
679. 000 
737. 000 

780. 000 

697. 000 

700. 000 
728. 000 

793. 000 
782. 000 
912. 000 
799. 000 

710. 000 
" 690. 000 

709. 000 

619. 000 
990. 000 
960. 000 
979. 000 

620. 000 
969. 000 
919. 000 

490. 000 

390. 000 
370. 000 
409. 000 

990. 000 


I^PAREHT HASS> LB/G 










m 
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PLOT FI CURE 

33 


CONFIQURATIQN 

LIQUID 

OVER AIR ULLAGE 

FILL / LIQUID 

S4 OAL. 

WATER 

EXCITATION AMPLITUDE 0. 2S INCH P-P 

EXCITATION. AXIS 

-TYPE 2.- ROTATION 

FREQUENCY 

APPARENT MASS 

PHASE . 

HZ 

IN#L3«SEC2/RAD 

DECREES 

0. 200 

4104. 000 

-169. 000 

0. 400 

684. 000 

-167. 000 

0. 600 

7S6. 000 

-156. 000 

0. aoo 

86. 000 

-30. 000 

1. 000 

171. 000 

-10. 000 

1. 200 

213. 000 

-6. 000 

1. 400 

246. 000 

-7. 000 

1. 600 

2S4. 000 

-2. 000 

1. 800 

271. 000 

-3. 000 

2. 000 

297. 000 

-5. 000 

2. 200 

319. 000 

-6. 000 

2. 400 

330. 000 

-14. 000 

2. 600. 

256. 000 

-23. 000 

2. 800 

222. 000 

-16. 000 

3. 000 

234. 000 

-14. 000 

3. 200 

242. 000 

-6. 000 

3. 400 

2S4. 000 

-7. 000 

3. 600 

265. 000 

-7. 000 

3. 800 

. 259. 000 

-8. 000 

4. 000 

265. 000 

-7. 000 

5. 000 

257. 000 

-16. 000 

6. 000 

308. 000 

-10.. 000 

7. 000 

308. 000 

-10. 000 

8. 000 

291. 000 

-8. 500 

9. 000 

308. 000 

-6. 000 

10. 000 

308. 000 

-1. 000 

11. 000 

316. 000 

-8. 000 

12. 000 

334. 000 

-a. 000 

13. 000 

351. 000 

-a. 000 . 

14. 000 

316. 000 

-6. 000 

IS. 000 

325. 000 

-12. 000 

16. 000 

334. 000 

-5. 000 

17. 000 

316. 000 

-14. 000 










PLOT FI OURS 

confiouratiqn 

PILL / LIQUID 
excitation AMPLITUDE 

excitation axis-type 


84 

S4 OAL. / WATER 
0. 25 INCH P-P 
X - ROTATION 


frequency 

HZ 

0. SCO 

0. 400 
0. 600 
0. 800 

1 . 000 
I. SOO 
1. 400 
1. 600 

1. SOO 

2. 000 
2. 200 . 

2. 400 
2. 600 

2 . eoo . 

3. 000 . 

3. 200 
3. 400 
3. 600 

3. aoo 

4. 000 

4. 010 

5. 000 

6. 000 

7. 000 

8 . 000 
9. 000 

10 . 000 . 

11. 000 
12 . 000 . 

13. 000 

14. 000 

15. 000 

16. 000 
17. 000 


apparent mass 
IN*Lfl#SEC2/RA0 
2994. 000 
1266. 000 
695. 000 
631. 000 
718. 000 
362. 000 
327. 000 
354. 000 
358. 000 
367. 000 
370. 000 
385. 000 

372. 000 
362. 000 . 

373. 000 
353. 000 
348. 000 
372. 000 

. 380. 000 
384. 000 
316. 000 
277. 000 
292. 000 . 
323. 000 
308. 000 
261. 000 
246. 000 . 

254. 000 
231. COO 
192. 000 
184. 000 . 

192. 000 

200 . 000 . 

207. OOQ 


PHASE 
OEOREES 
-48. 000 
-3' OOO 
-30. 000 
-18. 000 
-29. 000 
-48. 000 
-21. 000 
-11. 000 
-7. 000 
-S. 000 
-4. 000 
- 6 . 000 
-7. 000 
- 6 . 000 
- 6 . 000 
-7. 000 
-5. 000 
-4. 000 
-5. 000 
-5. 000 
-IS. 000. 

-18. 000 
-16. 000 
-19. 000 
-29. 000 
-34. 000. 

-28. 000 
-33. 000 
-38. 000 
-31. 000 . 

-23. 000 
-19. 000 
-18. 000 
-18. 000 


AFf*ARENT MASS, IN»LB>»SEC2/RAB PHASE, I€G 


PLOT FIGURE 
CONFIGURATICH. 
fill / LIQUID 
EMCI TAT I OH AMPLITUDE - 
EHCITATIOH AXIS-TVPE 


84 

LIQUID OVER AIR ULLAGE 
54 GAL. / WATER 
0.25 INCH P-P 
X - ROTATION 



FREGUENCV. H 





PLOT FIOURE ■ 
CCNFIOURATIQN 
FILL / LIQUID 
EXCITATION amplitude 

excitation axis-type 


liquid over air ullage 

54 GAL. / WATER - 

0. 25 INCH P-P 
Y - rotation 


frequency 

HZ 

0. 200 

0. 400 

0. 600 

0. aoo 

1. 000 

1. 200 

1. 400 
1. 600 

1. SCO 

2. 000 

2. 200 

2. 400 
2. 600 
2. 800 

3. 000 

3. 200 

3. 400 
3. 600 

3. 800 

4. 000 

5. 000 . 

6. 000 

7. 000 

8. 000 

9. 000 

10. 000 
H. 000 
12. 000 

13. 000 

14. 000 

15. 000 

16. 000 

17. 000 


apparent mass 

1N*LS*8EC2/RAD 
3906. 000 
933. 000 
217. 000 
540. ■'00 

510. 000 

481.000 
470. 000 
529. 000 

511. 000 

417. 000 
308. 000 
238. 000 
212. 000 
205. 000 
208. 000 
204. 000 
243. 000 
259. 000 

, 259. 000 
284. 000 
231. 000 
248. 000 
239. 000 
222 . 000 
231.. 000. 
222. 000 
231. 000 
231. 000 
231. 000 
231. 000 
222. 000 
231. 000 
222. 000 


PHASE 
DEGREES - 
9. 000 
-17. 000 
-15. 000 
-7. 000 
-7. 000 
-7.. 000 
-5. 000 
-7. 000 
-9. 000 
.44. 000 
-47. 000 
-40. 000 
-29. 000 
-17. 000 
-9. 000 
-2. 000 
-4. 000 . 

-3. 000 
-3. 000 
-4. 000 . 
-14. 000 . 
-12. 000 
-15. 000 
-13. 000 
-14. OOQ 
-12. 000 
-10. 000 
-11. 000 
-14. 000 
-11. 000 
- 10 . 000 
-10. 000 
-10. 000 
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PLOT FIGURE 
CCNFIGURATICH 
FILL / LIQUID 
EXCITATION. AMPLITUDE 
excitation AXIS-TVPE 


liquid over air ullage 

54 GAL. / WATER' 

9.25 INCH P-P 
V - ROTATION 
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PUOT FI6URE 
CONFIOURATION 
FILL / LIQUID 
EXCITATION amplitude 
EXCITATION AXIS-TYPE 


B6 

LIQUID OVER AIR ULLAGE 
54 QAL. 2. 52 SQ ZNOR2 
0..10 INCH P-P 
X..- TRANSLATION 


0. 100 

9999. 000 

178. OOO 

0. 200 

1463. 000 

-178. OOO 

0. 299 

863. 000 

2. OOO 

0. 399 

737. 000 

2. OOO 

0. 500 . 

1017. 000 

-2. OOO 

0. 600 

1141. 000 

-2. OOO 

0. 701 

1234. 000 

-3. OOO 

0. 802 - 

1307. 000 

-3. OOO 

0. 903 

1368. 000 

-4. OOO 

1. 000 

1492. 000 

-5. OOO 

1. 100 

1552.000 

-7. OOO . 

1. 201 

1722. 000 

-10. OOO 

1. 302 . 

1892. 000 

-12. OOO 

1. 404 

2222. 000 

-22. OOO 

1. 505 

2257. 000 

-35. OOO 

1. 606 

1622. 000 

-65. OOO 

1. 70S 

1421. 000 . 

-63. OOO 

1. 810 

1283. 000 

-71. OOO 

1. 910 

.1029. 000 

-75. OOO 

2. 010 

860. 000 

-73. OOO 

2. 210 

635. 000 

-64. OOO 

2. 410 

579.. 000 

-43. OOO . 

2..610 

715. 000 

-30. OOO 

2 . eio 

847. 000 

-29. OOO - 

3. 010 

945. 000 . 

-33. OOO 

3. 210 

960. 000 

-46. OOO 

3. 410 

753. 000 

-49. OOO 

3. 620 

704. 000 

-42. OOO 

3. 820 

770. 000 

-37. OOO 

4. 020 

897. 000 . 

-38. OOO 

4. 500 

920. 000 

-36. OOO 

5. 000 

695. 000 

-54. OOO 

5. 500 

640. 000 

-45. OOO 

6. 000 

710. 000 

-38. OOO 

7. 000 

780. 000 

-48. OOO 

8. 000 

535. 000 

-59. OOO 

10. 000 

525. 000 

-30. OOO 

12. 000 

610. 000 

-20. OOO 

14. 000 

643. 000 

-21. OOO 

16.000 

600. OOO 

-23. OOO 

18. 000 

840. OOO 

-26. OOO 

20. 000 

710. OOO 

-30. OOO 
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PLOT FIGURE 
CONFIGURATION 
FILL / LIQUID 
EXCITATION AMPLITUDE 
EXCITATION AXIS-TYPE 

FREQUENCY 
HZ 

0. 100 

0. 300 

0. 300 

0. 400 . 

0. 500 
0. 600 
0. 700 
0. 800 

0. 900 . 

1 . 000 
1. 100 

1. 200 

1. 300 

1. 400 
1. 500 
1. 600 
1.-700 

1. aoo 

1. 900 

2 . 000 . 

2. 100 

2. 200 

2. 400 . 

2. 600 

2. 800 

3. 000 

3. 200 

3. 400 

3. 600 

3. 800 

4. 000 . 

4. 500 

5. 000 

6. 000 

7. 000 

7. 500 

8. 000 

8. 500 

9. 000 

10. OOO 

11. 000 
12. 000 

13. 000 

14. 000 

15. 000 

16 . 000 

17. 000 


S7 

LIQUID OVER AIR ULLAGE 
54 GAL. / 2. 52 SO ZNBR2 
0. 10 INCH P-F 
Y - TRANSLATION 


APPARENT MASS 
LS/G 

14000. 000 
3000. 000 
888. 000 
974. 000 
916. 000 
1146. 000 
1250. 000 
1280. 000 
1396. 000 
1340. 000 
1360. 000 
1150. 000 
1246. 000 
1280. 000 
1330. 000 
. 1388. 000 
1442. 000 
1508. 000 
1594. 000 
* 1746. 000 
1396. 000 
1224. 000 . 
1248. 000 
1448. 000 
1574. 000 
1776. 000 
1692. 000 
1728. 000 
1098. 000 
922. 000 
964. 000 
1262. 500 
1037. 500 
775. 000 

1164.400 
1437. 500 

1160. 400 
1308. 000 
1300. 000 

842. 600 
503. 000 
475. 000 
518. 600 
675. 000 
662. 400 
825. 000 . 
993. 600 


PHASE 
DEGREES 
- 161 . 000 
- 173 . 000 
- 102 . 000 . 

- 8 . 000 
7 . 500 
1 . 500 

12 . 500 . 

1. 000 
- 4 . 000 
- 16 . 500 
- 12 . 500 
- 7 . 500 
- 4 . 000 
- 2 . 500 
- 2 . 000 
- 1 . 500 
-2. 000 
- 2 . 000 
- 4 . 000 
- 15 . 500 
- 25 . 000 
- 19 . 000 
- 9 . 000 

-a. 500 
-10. 000 
- 22 . 000 . 
-21. 000 
-47. 500 
-56. 000 - 
-40. 000 
-27. 500 
-44. 000 
-55. 000 
-24. 500 
-22. 500 
-33. 500 
-46. 500 
-44. 500 
-61. 500 
-83. 000 
-63. 500 
-47. 000 
-32. 000 
-29. 500 
-22. 500 
-19. 500 
-31. 500 


PLOT FIGURE 
CCNFIGURATIOH 
FILL / LIQUID 
EXCITATION AMPLITUDE 
EXCITATION AHI8-TVPE 


B7 

LIQUID OVER -AIR ULLAGE 
54 GAL. / 2. 52 8G 2M8R2 
a.ie INCH p-p 
V - TRANSLATION 



2.00 4.00 6.00 0.00. 10.0- 

12.0 


FREQUENCY; 

HZ 



2500 


o 


«l!00 

s 

H 1000 

(u 

% 

^ 500. 

9- 



r 







PLOT FIQURE 
CONFIGURATION 
FILL / LIQUID 
EXCITATION AMPLITUDE 
EXCITATION AXIS TYPE 


liquid over AIR ULLAGE 
.94 OAL. / 2. 92 SO ZNBR2 

0. 10 INCH P-P 
Z - ROTATION 

PHASE 
DEGREES 
-172. 000 
-165. 000 
-146. 000 
-146. 000 
-141. 000 
-137. 000 
-144. 000 
-109. .000 
-79. 000 
-39. 000 
-29. 000 
-23. 000 
-24. 000 
-33. 000 
-66. 000 
-93. 000 
-93. 000 
-S3. 000 
-78. 000 
-71. 000 
-97. 000 
•40.. 000 
-34. 000 
-32. 000 
-29. 000 
-2S. 000 
-33. 000. 

-39. 000 
-33. 000 
-32. 000 
-29. 000 
-26. 000 
-29. 000 
-20. 000 
-13. 000 
-16. 000 
-19. 000 
-16. 000 
-16. 000 
- 12 . 000 . 

-11. 000 
-9. 000 
-16. OOO 


FREQUENCY 

HZ 

0 . 110 , 

0 . 210 

0.310 

0. 410 

0. 910 

0. 610 
0. 710 
0. 810 

0. 910 

1 . 100 
1 . 200 

1. 300. 

1. 400 

1. 900 

1. 600 
1.700 
1. 800 

1. 900 

2. 000 
2. 100 . 

2. 300 

2. 900 

2. 700 

2. 900 

3. 100 

3. 300 

3. 900 

3. 700 

3. 900 

4. 100 

4. 600 
9. 000 . 
9. 900 
6. 000 
7. 000 

a. 000 

9. 000 . 
10. 000 
12. 000 
14. 000 
16. 000 
18. 000 
20_000 


apparent mass 

IN*LB#8EC2/RAD 
22122. 892 
7987. 486 
3481. 879 
1791. 477 
900. 522 
939. 946 
464. 641 
203. 998 
202. 034 
248. 882 
329. 313 . 
399. 986 
478. 012 . 
609. 730 
709. 814 
497. 860 . 
320. 190. 
290. 261 
. 229. 360 
189. 687 

170. 783 

171. 319 
197. 368 
202. 913 
212. 394 
227. 374 
234. 909 

219. oaa 
208. 993 
207. 019 
219. 000. 

229. 000 
218. 000 
211.000 . 
212. 000 
219 . 000 

22t. . 000 

230. 000. 
233. 000 
228. 000 

248. 000 

140. 000 - 
262. 000 
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PLOT FIOURE S9 

CONFIGURATION - LISUID OVER AIR ULLAGE 

FILL / LIQUID 54 GAL. / 2. 52 SG ZN0R2 

EXCITATION AMPLITUDE : 0. 10 INCH P-P 

EXCITATION AXIS-TYPE X - ROTATION 



FREQUENCY 

APPARENT MASS 

PHASE 

HZ 

1N*LB*SEC2/RAD 

DEGREES 

0. 100 

36718. 000 

-111. OOO 

0. 200 

7700. 000 

-104. OOO 

0. 300 

4456. 000 

-83. OOO 

0. 400 

1668. 000 

-90. OOO 

0. 500 

1203. 000 

-84. OOO . 

0. 600 

929. 000 

-69. OOO 

0. 700 

887. 000 

-52. OOO . 

0. 800 

783. 000 

-45. OOO 

0. 900 

950. 000 . 

-48. OOO 

1. 000 

1036. 000 

-77. OOO . 

1. 100 

609. 000 

-88. OOO 

1. 200 

394. 000 

-77. OOO 

1. 300 

316. 000 

-63. OOO 

1. 400 . 

307. 000 . 

-47. OOO 

1. 500 

312. 000 

-37. OOO 

1. 600 

325. 000 

-31. OOO 

1, 700 

336. 000 

-24. OOO 

1. 800 

351. 000 

-22. OOO 

1, 900 

. 389. 000 

-20. OOO 

2. .000 

418.000 

-22. OOO 

2.. 200 

366. 000 

-32. OOO 

2. 400 

348. 000 

-22. OOO 

2. 600 

351. 000 

-17. OOO 

2. 800 

358. 000 

-14. OOO 

3. 000 . 

368. 000 

-13. OOO 

3. 200 

369. 000 

-15. OOO 

3. 400 

335. 000 

-15. OOO 

3. 600 

353. 000 

-12. OOO 

3. 800 

370. 000 

-9. OOO 

4. 000 

365. 000 

-9. OOO 

4. 010 

399. 000 

-6. OOO 

4. 500 

421. 000 

-26. OOO 

5. 000 

431. 000 . 

-18. OOO 

6. 000 

441. 000 

-15. OOO 

6. 500 

513. 000 

-15.000 . 

7. 000 

549. 000 

-22. OOO 

7: 250 

642. 000 .. 

-24. OOO 

7. 500 

748. 000 

-33. OOO 

7. 750 

748. 000 

-50. OOO 

0. 000 

641. 000 

-60. OOO 

8. 500 . 

555. OOO 

-58.. OOO 

9. 000 

534. OOO 

-75. OOO 

10. 000 

342. OOO 

-92. OOO 

11. 000 

203. OOO . 

-90. OOO 

12.. 000 

159. OOO 

-77. OOO _ 

13. 000- 

117. OOO 

-70. OOO 

14. 000 

87. OOO 

-56. OOO - 

15. 000 

94. OOO 

-25. OOO 

16. OOO 

106. OOO . 

-20. 000 

17. 000 

119. OOO 

-13. OOO 

18. 000- 

132. OOO 

-10. OOO 

19. 000 

143. OOO . 

-7. OOO 

20. 000 

140. OOO 

‘10. OOO 


PLOT FIGURE 
CONF-IGURATIOH 
FILL / LIQUID 

ehcitatioh amplitude ■ 

cMCITATIOH AXIS-TYPE 


LIQUID OVER AIR ULLAGE 
54 GAL. / 2. 52 SG 2HBR2 
0,10 INCH P-P 
X - ROTATION 



0.00 2 .^ 4.00 S.00 8'00 


FREQUENCY. HZ 


CL 

^ 1300 

c\j 

O 

LLi 

tn 200 . 
t 680 . 


480. 


^ 280. 
rr 

CD 

a:; 

^ 0.00 


t 



I - ' ■ I . - I -X 

2.00 4 90 5.00 9.00 


0.90 
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PLOT FIGURE 

810 


CONFIGURATION 

LIQUID 

OVER AIR ULLAGE 

FILL / LIQUID 

54 GAL. 

/ 2. 52 SG ZNBR2 

EXCITATION AMPLITUDE : 0. 10 INCH P-P 

EXCITATION AXIS 

-TYPE : Y - ROTATION 

FREQUENCY 

APPARENT MASS 

PHASE 

HZ 

IN*LB«SEC2/RAD 

DEGREES 

0. 100 

10038. 244 

-40. 000 

0. 200 

3346. 081 

-22. 000 

0. 300 

2230. 721 

-24. 000 

0. 400 . 

1045. 650 

0. 000 

0. 500 

936. 903 

-15. 000 

0. 600 

743. 574 

-13. 000 

0. 700 

614. 586 

-13. 000 

0. 800 

575. 108 

-12. 000 

0. 900 

619. 645 

-10. 000 

1. 000 

535. 373 - 

-11. 000 - 

1. 100 

553. 071 

-13. 000 

1. 200 

580. 917 

-13. 000 . 

1. 300 

633. 578 . 

-17. 000 

1. 400 

751. 161 

-25. 000 

1. 500 

803. 060 

-52. 000 

1. 600 

562. 037 

-70. 000 

1. 700 

497. 860 

-66. 000 

1. 800 

402. 769 

-66. 000 

2.000 

284. 417 

-77. 000 

2. 200 

172. 835 

-68. 000 

2. 400 

139.. 420 

-45. 000 , 

2. 600 

163. 344 

-25. 000 

2. 800 

196. 326 

-20. 000 

3. 000 

226. 790 

-19. 000 

3. 200 

245. 074 

-27. 000 

3. 400 

196. 828 

-38. 000 

3. 600 . 

172. .984 

-26. 000 

3. 800 

185. 378 

-19. 000 

4. 000 

204. 947 

-17. 000 

4. 500 

218. 167 

-40. 000 

5. 000 

181. 806 

-34. 000 

5. 500 

193. 945 

-25. 000 

6. 000 

183. 945 

-24. 000 

8. 000 

203. 195 

-25. 000 

10. 000 

175. 389 

-18. 000 

12. 000 

183. 945 

-13. 000 

14. 000 

186. 084 

-12. OOO 

16. 000 

186. 084 

-12. 000 

18. 000 

168. 973 

0. 000 

20. 000 

218. 167 

-17. 000 
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PLOT riGURE 
COSFIGiJRATIOH 
FILL / LIQUID 
EXCITATION AMPLITUDE 
EKCITATICH AKIS-TYPE 


319 

LIQUID OVER. AIR ULLAGE 
54 GAL. /-2.52:SG 2HBR2 
8. 10 INCH P-P 
Y - ROTATION 



FREQUENCY- HZ 


a 



frequency- HZ 
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PLOT FIGURE 
CONFIGURATION 
FILL / LIQUID 
EXCITATION AMPLITUDE 
EXCITATION AXIS-TYPE 


Sll 

LIQUID OVER AIR ULLAGE 
94 GAL. / S. 52 SG ZNBR2 
0. 09 INCH P-P 
X - TRANSLATION 


FREQUENCY 

APPARENT MASS 

PHASE 

H2 

LS/G 

DEGREES 

0. 199 

1967. 000 

164. 000 

0. 399 

737. 000 

a. 000 

0. 600 

1087. 000 

-1. 000. 

0. 799 

1287. 000 

-4. 000 

1. 001 

1480. 000 

-4. 000 . 

1. 204 

1676. 000 

-7. 000 . 

1. 402 

1958. 000 

-15. 000 

1..902 . 

2318. 000 

-23. 000 

1. 60S 

2425. 000 

-51. 000 

1. 706 

1690. 000 

-67. 000 . 

1. 809 

1424. 000 . 

-63. 000 

2. 010 . 

1145. 000 

-77. 000 

2. 210 

789. 000 

-73. 000 

2. 410 

976. 000 

-60. 000 

2. 620 

617. 000 

-38. 000. 

2. S20 

782. 000 

-32. 000 

3. 020 

857. 000 

-32. 000 

3. 510 

862. 000. 

-96. 000 

4. 020. 

. 735. 000 

-37. 000 
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PLOT FIGURE 
CONFIGURATION 
FILL / LIQUID 
EXCITATION AMPLITUDE 
EXC I TAT I ON AX I S-TYP E 


B12 

LIQUID OVER -AIR ULLAGE 
54 GAL. / 2. 52 SG ZNBR2 
0. 25 INCH P-P 
X - TRANSLATION 


0. 099 

10294. 000 

178. 000 

0. 199 

1580. 161 

-175. 000 

0. 298 

88. 082 

-174. 000 

0. 398 

641. 940 

-2. 500 

0. 498 

914. 654 

-4. 000 . 

0. 597 

1075. 387 

-4. 500 

0. 698 

1188. 060 

-5. 000 

0. 799 

1274. 258 

-5. 000 

0. 900 

1371. 263 

-5. 000 

1. 000 

1478. 357 

-5. 000 

1. 100 

1609. 650 

-6. 000 

1. 200 

1797. 973 

-9. 000 

1. 302 

2191. 741 

-14. 500 

1. 403 

1688. 850 . 

-58. 000 

1. 504 

1450. 000 

-57. 000 

1. 605 

1211. 547 

-61. 000 

1. 706 

986. 338 

-62. 000 

1. 807 

874. 368 

-61. 000 

1. 909 

783. 427 

-62. 000 

2. 008 

’ 667. 342 . 

-60. 000 

2. 210 

584. 556 

-47.. 000 

2.410 

659. 902 

-33. 000 

2. 610 

817. 554 

-28. 000 . 

2. 810 

927. 216 

-34. 000 

3.010 

844. 352 

-40. 000 

3. 210 

800. 107 

-42. 000 

3. 410 

762. 147 

-42. 000 

3. 610 

843. 295 

-42. 000 

3. 820. 

836. 210 

-50. 000 

4. 020 

757. 000 

-51. 000 

4. 500 

635. 000 

-43. 000 

5. 000 

648. 000 

-37. 000 

5. 500 

702. 000 

. -41.000 

6. 000 

710. 000 . 

-47. 000 

7. 000 

550. 000 . 

-56. 000 

8. 000 . 

445. 000 

-40. 500 

10. 000 

470. 000 

-33. 000 

12. 000 

560. 000 

-20. 500 

14. 000 

60S. 000 

-20. 000 

16. 000 

670. 000 

-22. 000 

18. 000 

745. 000 

-25. 000 

20. 000 

651. OOO 

-34. 000 
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PLOT FIGURE 
CONFIGURATION 
FILL / LIQUID 
EXCITATION AMPLITUDE 
EXCITATION axis-type 

FREQUENCY 
HZ 

0. 103 

0 . 202 

0. 413 

0. 598 

0. 818 

1. 016 

1. 217 

1. 408 

1. 629 
1. 821 

2. 028 

2. 141 

2. 232 . 

2.336 

2. 439 
2. 558 
2. 646 

2. 841 

3. 049 
3.236 

3. 448 

3. 650 

3. 846 

4. 000 

5. 000 

6. 000 
7: 000 

a. 000 

9. 000 
10. 000 
11 . 000 
12. 000 

13. 000 

14. 000 

15. 000 

16. 000 

17. 000 

18 . 000 
19.000 
20 . 000 


liquid over air ullage ’ 

54 GAL. / 2. 52 SG ZNBR2 
0. 25 INCH P-P 
Y - translation 


apparent mass 

LB/G. 
10282. 000 
1821. 000 
618. 000 
985. 000 
1375. 000 
1439. 000 
1 1 50. 000 
1281. 000 
1415. 000. 
1473. 000 
1426. 000 
1476. 000 

1586.000 

1433. 000 
1348. 000 
1256. 000 
1229. 000 

1381. 000 

1430. 000 
‘ 1120 . 000 

921. 000 
852. 000 

952. 000 

1076. 000 

890.000 . 

910. 000 

1110. 000 

840. 000 
820. 000 

700. 000 

630. 000 
540. 000 

540. 000 - 

600. 000 
590. 000 
645. 000 
735. 000 
715. 000 
700. 000 
600. 000 


APPrtsEm MttSS. I-BA" 
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plot FIOORE 

CONFIOORATION 
FILL / LIQUID 
excitation amplitude 

B.«/*TTA.TTnN AX is- TYPE 


B 1 A 

liquid over 

54 oal. / 2. S2 SO ZNBR2 
0. 2S INCH P-P 
? - ROTATION 


apparent mass 

1N*LB*SEC2/RAD 


frequency 

HZ 

0. 106 
0. 208 
0. 417 
0. 62S 

0. 833 

1. 020 
1. 124 
1. 220 
1. 333 
1. 416 
1. 524 
1. 623. 

1. 72% 

1. 821 

1. 931 

2. 024 
2. 237 
2. 433 
2. 639 

2. 825 

3. 030 
3. 236 
3. 436 
3. 650 
3. 846 
3. 984 

5. 000 

6. 000 
7. 000 
e. 000 

9. 000 
10. 000 
11 . 000 
12. 000 

13. 000 

14. 000 

15. 000 

16. 000 

1 7. 000 

18. 000 

19. 000 

20. 000 


17155. 000 
4893. 000 
1048. 000 

311. 000 

70. 000 
140. 000 

144. 000 

171. 000 
205. 000 
242. 000 
240. 000 
288. 000 
327. 000 
311. 000 
244. 000 
229. 000 
194. 000 

174. 000 
157. 000 . 

. 152. 000 

165. 000 

159. 000 

175. 000 

169. 000 
172. 000 
197. 000 
238. 000 
245. 000 
212. 000 
218. 000 

220. 000 
222. 000 
222. 000 
222 . 000 
222. 000 
222. 000 
222. 000 

222. 000 
222. 000 
222. 000 

225. 000 

230. 000 
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PLOT 'FIGURE 
CONFIOURATTQN 
FILL / LIQUID 
EXCITATION AMPLITUDE 
EXCITATION AXIS-TYPE 


LIQUID OVER AIR ULLAGE 
36 GAL. / S. 92 SG ZNBR2 
0, 29 INCH P-P 
X - TRANSLATION 


FREQUENCY 

HZ 

0. 104 
0. 208 
0. 417 
0. 629 
0. 833 

0. 926 

1. 031 . 
1. 124 

1. 235 
1. 316 
1. 429 
1. 940 
1. 639 
1. 754 
1. 852 

1. 961 

2. 041 
2. 273 
2. 500 
2. 703 

2. 857 

3. 030 
3. 236 
3. 448 

3. 704 

4. 000 
9 . 000 . 
6. 000 

7. 000 

8 . 000 
9. 000 

10. 000 
11. 000 
12. 000 

13. 000 

14. 000 
19. 000 
16. 000 

17. OOO . 

18. 000 

19. 000 

20. OOO 


apparent mass 

LB/G 

9767. OOO 
721. OOO 
541. OOO 
801. OOO 
1070. OOO 
912. OOO 
773. OOO 

713. 000 
770. OOO 
678. OOO 

979. 000 
929. OOO 
499. OOO 

483. 000 
479, OOO 

488. 000 
526. OOO 
469. OOO 
488. OOO 
482. OOO 

527. 000 
532. OOO 

979. 000 
.592. OOO 
542. OOO 

489. 000 

640. 000 
650. OOO 

380. 000 
620. OOO. 
550. OOO 
320. OOO 

530. 000 
530. OOO 
929. OOO . 
465. OOO 

490. 000 
479. OOO 
489. OOO 
900. OOO 
520.. OOO 
920. OOO 


PLOT TICLRE 
CONFIGURATICH . 

FILL / LIQUID 
EMCITA-TIOH AMPLITUDE 
EXCITATIOH AXIS-TVPS 



515 

liquid over air ullage 

U GAL. / 2. 52 SG 2HBR2 
0,25 INCH P-P 
X - TRANSLATION 
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PLOT FIGURE 
CONFIGURATION 
PILL / LIQUID 

excitation amplitude 
excitation axis-type 

FREQUENCY 
HZ 

0. 103 
0. 211 
0,.2e7 

0. 4l0 

0. 604 

0. SIS 

1 . 010 . 

1. 224 

1. 422 
1 . 623 . 

1. S21 

2. 037 

2. 237 

2. 469 

2. 693 

2. 841 

3, 040 

3. 236 

3. 448 

3. 690 . 

3. 846 

4. 000 
9. 000 

6. 000 

7. 000 

8 . 000 . 

9. 000 

10.. .000 . 

11 . 000 
12 . 000 

13. 000 

14. 000 
19. 000 

16. 000 

17 . 000 

18. 000 

19, 000 

20 . 000 


Q16 

LIQUID OVER AIR ULLAGE 
36 GAL. / 2. 92 SO ZNBR 
0. 29 INCH P-P 

Y_- translation 


APPARENT MASS 
LD/G 

6610.-000 
879. 000.. 
189. 000 
912. 000 
644. 000 
790. 000 
84 9.. 000 
940. 000 
860. 000 
764. 000 
766. 000 
792. OOO 
821. 000 
866. 000 
862. 000 
921. 000 
931. 000 
- 934. 000 
1036. 000 
■ 1072. 000 . 

899. - 000 
819. 000 
790. 000 
690. 000 ... 
970. 000 
679. OOO 
690. OOO 

690. 000 . 
990. OOO 
940. 000 
929. 000 

900. OOO 
909. OOO 

900. 000 
900. OOO , 
909. OOO 
949. OOO 
9^9. OOO 


PLOT riOURS 
CCHFIGLRATIOH 
FILL / LIQUID 
El'^CITATlOH AMPLITUDE 
EHCITATIOH AXIS-TYPE 


L I OU I D OVER AIR ULLAUE 
36 GAL, / 2. 52 SG 2HBR2 
3,25 INCH P-P 
y - translatioh - 



w 
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PLOT FIGURE 
CONFIGURATION 
FILL / LIQUID 
EXCITATION AMPLITUDE 
EXCITATION AX 1 3-TYPE 


Q17 

LIQUID OVER AIR ULLAGE 
06 GAL. / 2. 52 SO ZNBR2 
0, 25 INCH P-P 
Z - ROTATION 


FREQUENCY APPARENT MASS 
HZ 1N«LB«SEC2/RAD 


0. 100 

14300. 000 

0. 200 

3392. 000 

0. 314 

1227. 000 

0. 397 

655. 000 

0. 510 

300. 000 

0. 610 

163. 000 

0. 694 

151. 000 

0. 820 

181. 000 

0. 917 

231. 000 

1. 009 

298. 000 

1. 215 

197. 000 

1. 406 

172. 000 

1. 621 

129. 000 

1. 835 

180. 000 

2. 028 

184. 000 

2. 242 

193. 000 

2. 439 

204. 000 

2. 639 

200. 000 

2. 833 

204. 000 

3. 040 

• 210. 000 

3. 236 

211. 000 

3. 448 

212. 000 

3. 630 

228. 000 

3. 846 

217. 000 

4. 000 

228. 000 

3. 000 

245. .000 

6. 000 

250. 000 

7. 000 

240. 000 

8. 000 

230. 000 

9. 000 

222. 000 

10. 000 

222. OOO 

11. 000 

230. 000 

12. 000 

228. 000 

13. 000 

228. 000 

14. 000 

225. 000 

15. 000 

227. 000 

16. 000 

220. 000 

17. 000 

220. 000 

18. 000 

222. 000 

19. 000 

220. 000 

20. 000 

220. 000 


I 


I 


I 
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plot pi cure 

313 

OVER WATER ULLAOE 

CONFIOURATION 

LIQUID 

PILL / LIQUID 

94 OAL. 

/ 2. 0 SO ZN0R2 

excitation AMPLITUDE : 0,29 INCH P-P 

excitation axis-type : ■ X - TRANSLATION 

FREQUENCY 

APPARENT. MASS- 

PHASE ~ 

HZ 

LB/0 

DEOREES 

0. 200 

1409, 000™ 

161. 000. 

0. 400 

792. 000 

-4. 000 

0. 600 

1311. 000 

2. 000 

0. SOO 

1493.000 

1, 000 

1. 000 

1496. 000 

0. 000 

I. 200 

1799. 000 

1. 000 

1. 400 .. 

1920. 000 

1. 000 

1. 600 

1990. 000 

1. 000 

1. 300 

1646. 000 

-1. 000 

a. 000 

1624. 000 

-1. 000 

2..200 

1601. 000 

1. 000 

2. 400 

1978. 000 

1. 000- 

2. 600 

1626. 000 

2. 000 

2. SOO 

1998. 000 

1.000 

3. 000 

1997.- 000 

-2. 000 

3. 200 

1620. 000 

-4. 000 

3. 400 

1639. 000 

-3. 000 . 

3. 600 

1619. 000 

-6. 000 

3. 800 

. 1999. 000 

-2. 000 

4. 000 

1690. 000 

0. 000 

4. 010 

1929. 000 

-19. 900 

9. 000 

1978. 000 

-11. 000 

6. 000 

1960. 000 

-11.. 900 

7. 000 

1690. 000 

-7. 900 

a. 000 

1670. 000 

-7. 000 

9. 000 

1679. 000 

-7. 000 

10. 000 

1770. 000 

-9. 000 

11. 000 

1790. 000 

-6. 000 

12. 000 

1900. 000 

-6. SOO 

13. 000 

1910. 000 

-9. 900 

14. 000 

1679. 000 

28. 900 

19. OOO 

-2036. 000 

-9. 000 

16. 000 

2120. 000 

-6. 000 

17; 000 

2189. 000 

0. 000 

13. 000 

2400. 000 

-10. SOO 

19. 000 

2290. 000 

-21. 000 

20. 000 

1919. 000 

-38. 000 



PLOT FIGURE BIS 

CONFIGURATION LIQUID OVER VATER ULLAGE 

FILL / LIQUID 34 GAL. / £.0 SG ZN8R2 

ESCITATION AMPLITUDE B, £5 INCH P-P 

ESCITATIOH AHES-TVPE : X - TRAHOLATIOH 



0 dd 

0.00 2.00 4,00 5. >39 8.00 13,3 12.0 14,0 Itl. 0 19.3 

FREQUEHCV,. HZ 


L 
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PLOT FIGURE 
CONFISURATION 
FILL / LIQUID 
EXCITATION AMPLITUDE 
EXCITATION AX IS- TYPE 


B19 

LIQUID OVER WATER ULLAGE 
S4 GAL. / 2. 0 SO ZNQRS 
0. 29 INCH P-P 

Y - translation. . 


FREQUENCY 

M2 

0 . 200 . 

0. 400 
0. 600 
0 . 800 

1. 000 
1. 200 

1. 400 
1. 600 
1. 800 

2. 000 
2. 200 

2. 400 
2. 600 
2. 800 

3. 000 
3. 200 
3. 400 
3. 600 

3. 800 

4. 000 
4. 010 
9. 000 
9. 900 
6. 000 

6. 900 

7. 000 

a. 000 

9. 000 
10. 000 
11.000 
12. 000 

13. 000 

14. 000 
19. 000 
16. 000 
17. 000 

15. 000 


APPARENT MASS 
LB/G 
1969. 000 
776. 600 
1289. 000 
1916. 000 . 
1939. 000 
1 639 ..000 

1650. 000 

1691. 000 
1694. 000 

1669. 000 

1 989, 000 

1991. 000 

1987. 000 

1640. 000 

1666. 000 

1669. 000 

1646. 000 
1703.. 000 
1722, 000 

• 1697. 000 
1700. 000 
1690. 000 
1560. 000 

1990. 000 

1650. 000 

1700. 000 
1600. 000. 
1700. 000 
1650. 000 
1800. 000 

1790. 000 

1809. 000 

1900. 000 

2000. 000 
2193. 000 
2292. 000 

2589. OOO 


PHASE 
DEGREES 
174. OOO 
0. OOO 
-0. 900 
-2. OOO 
- 2 . 000 
-4. OOO 
-3. OOO 
-2. OOO 
-3. OOO 
-4. OOO 
-5. OOO 
-4. OOO 
-2. OOO 
-2. OOO 
-3. OUO . 
-1. OOO 
-1. OOO . 
-1. OOO 
-2. OOO 
-2. OOO 
-14. OOO 
-13. OOO . 
-13. OOO 
-13. OOO. 
-11. OOO 
-9. OOO 
-8. 500 
-8. OOO - 
-6.. OOO. 

-7. OOO . 
-10. 900 
-6. OOO 
-9. OOO 
-a. OOO 
-9. OOO 
-3. OOO 
-67. OOO 



a 

m zm 


91 1500 


^ 500 . 
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PLOT FIGURE 
CONFIGURATION 
FILL / LIQUID 
EXCITATION AMPLITUDE 
EXCITATION AXIS-TYPE 


6SO 

LIQUID OYER WATER ULLAGE 
54 GAL. / 2. 0 SG ZN0R2 
0. 25 INCH P-P 
2 - RQXAIION 


FREQUENCY. 

HZ 

0. 400 
0. 600 

0. SOO 
X .-000 

1. 200 

1. 400 
1. 600 
1. 800 

2. 000 
2. 200 

2. 400 
2. 600 
2. 800 

3. 000 
3. 200 
3. 400 
3. 600 

3. 800 
4., 000 . 

4. 010 

5. 000 . 

6. 000 

7 . 000 - 

8. 000 
9. 000 . 

10 . 000 
11. 000 
12. 000 

13. 000 

14. 000 

15. 000. 

16. 000 

17. 000 . 

18. 000 
19. 000. 


APPARENT MASS 
IN#Lfl#8EC2/RAD 
1425. 000 
374. 700 . 
1054. 000 
174. 000 
494. 000 
294. 000 
119. 700 
157. 000 
225. 000 
248. 000 
205. dOO 

165. 000 
46. 000 

166. 000 
164. 000 
188. 000 
184. 000 
172. 900 

. 208. 000 
196. 000 
212. 000 
220. 000 
220. 000 
222 . 000 . 
231. 000 
231. 000 
243. 000 
243. OOC 

247.000 

247. 500 

248. 000 
239. 000 
239. 000 

248. 000 
248. 000 


PHASE 
DEGREES 
-175. 000 
-164. 000 
-179. 000 
-24. 000 
-31. 000 
-103. 000. 
-72. 000 
-27. 000 
-19. 000 
-33. 000 
-41. 000 
-33. 000 
-24. 000 
-17. 000 
-9. 000 
-7. 000 
-10. 000 
-5. 000 
-9. 000 - 
-19. 000 . 
-16. 000 
-16. 000 
-17. 000 
- 8 . 000 
-11. 000 
-10. 000 
- 8 . 000 
-7. 000 
-9. 000 
-4. 000 
-7. 000 
-4. 000 . 
- 2 . 000 
-5. 000 
-5. 000 
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PLOT FIGURE 
CONFIGURATION ■ 

FILL / LIQUID 
EXCITATION AMPLITUDE ; 
EXCITATION AXIS-TYPE ; 


QSl 

LIQUID OYER WATER ULLAGE 
84 GAL. / 2. 0 SG 2NBR2 
0. 28 INCH P-P 
X - ROTATION- 


FREQUENCY 

APPARENT MASS 

PHASE 

HZ 

IN#LS*8EC2/RAD 

DEGREES 

0. 100 

6692. 000 

-88. 000 

0. 200 

2288. 000. 

-73. 000. 

0. 400 . 

1189. 000 

-33. 000 

0. 600- 

707. 000 

-18, 000 

0. SCO 

779. 000 

-84,. 000 

1. 000 

418. 000 

-24. 000 

1. 200 

840. 000 

-12. 000 

1. 400 

367. 000 

-48. 000 

1. 600 

348. 000 

-30. 000 

1. SOO 

416. 000 

-16. 000 

2. 000 

397. 000 

-24. 000 

2. 200 

389. 000 

-20. 000 

2. 400 

383. 000 

-19, 000 

2. 600 

386. 000 

-21. 000 

2. 800 

377. 000 

-18. 000 

3. 000 

401. 000 

-21. 000 

3. 200 

372. 000 

-23. 000 

3. 400 

393. 000 

-23. 000 

3. 600 

. 433. 000 

-19. 000 

3. 800 

438. 000 

-24. 000 

4. OOO 

393. 000 

-29. 000 

4. SOO 

428. 000 

-80. 000 

8. 000 

484. 000 

-52. OOO 

8. 800 

388. 000 

-50. OOO 

6. 000 

381. 000 

-48. OOO 

7. 000 

317. 000 

-56. OOO 

8. 000 

240. 000 

-65. OOO . 

9. 000 

163. 000 

-66. OOO 

10. 000 

ISO. 000 

-51. OOO 

11. 000 

128. 000 

-44. OOO 

12. 000 

124. 000 

-29. OOO. 

13. 000 

128. 000 

-22. OOO 

14. 000 

137. 000 

-18. OOO . 

IS. 000 

146. 000 

-12. OOO 

16. 000 

154. 000 

-10. OOO 

17. 000 

160. 000 

-10. OOO 

18. 000 

163. 000 

-7. OOO 

19. 000 

171. 000 

-7. OOO 

20. 000 

ISO. 000 

-0. OOO 






PLOT FIGURE 
CGHFIGURATIOH 
FILL / LIQUID 
ESCITATIOH AMPLITUDE 
EXCITATION AXIS-TYPE 


821 

LIQUID OVER WATER ULLAGE . 
54 GAL. / 2.0 SO 2NBR2 . 
a. 25 r.NCH P-P 
X - ROTATION 


2ee. 

ise. 



190. 
^ ?e.a 

, 0.00 

^ -58. a 
X 

0- -100. 


-IS0. 


'290. 



0.'00 2.00 4.00 0.00 8.00 


10.0 


12.0 14.0 1 


FREQUENCY, H2 


^ 1000 
M 

P 

^ 300. 



^ 400. 

t 

h* 200. . 



Ut 

2 0.00 

a 0jaa__ 2. 00 4. 00 s. 00 8. 90 

FREQUE 
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PLOT FIGURE 
CONFIGURATION 
FILL / UIQUID 
EXCITATION AMPLITUDE 4 
EXCITATION. AX.IS-TYPE : 


S2S 

LIQUID OVER WATER ULLAGE 
94 GAL. / 2. 0 SO ZNSR2 
_0. 25 INCH P-P ■ 

Y - ROTATION 


FREQUENCY 

H2. 

0 . xoo 
0. 200 

0. 400 
0. 600 
0. 800 

1. 000 
1. 200 

1. 400 
1. 600 
1. 800 

2 . 000 
2 . 200 

2. 400 
2. 600 

2. 800 _ 

3. 000 
3. 200 
3. 400 
3. 600 

3. 800 

4. 000 
9. 000 
6.000 
7. 000 

a. 000 

9. 000 
10. 000 
11. 000 
12.000 . 

13. 000 

14. 000 

15. 000 

16. 000 
17. 000 
IS. 000 

19. 000 

20. 000 


apparent mass 

IN«LS*8EC2/RAD 
12046. 000 

1003. 000 
171. 300 

372. 000 

719. 000 
602. 000 
609. 000 

293. 000 
413. 000 
247. 000 
236. 000 
199. 000 
162. 000 
176. 000 
197. 300 

199.000 
163. 000 
ISO. 000 

. 181. 000 
176. 000 

183. 000 
197. 000 
209. 000 

188. 000 
188. OOO 
188. 000 
209. 000 

188. 000 
180. 000 
180. 000 . 

184. 000 
188. 000 
209. 000 
194. 000 

197.000 
197. 000 
207. 000 


PHASE 
DEGREES 
-82. 000 
-16. 000 
-93. 000 
-26. 000 
-17. 000 
- 11 . 000 
-69. 000 
-47. 000 
-99. 000 
-60. 000 
-48. 000 
-91. 000 
-38. 000 
-31. 000 
-27. 000 
-21. 000 
-19. 000 
-14. 000 
-14. 000 
-12. 000 
-9. 000 
-12. 000 
-13. 000 
-14. 000 
-11. 000 
-16. 000 
-10. 000 
-13. 000 
-11. 000 
-9. 000 
-9. 000 
-7. 000 
-7. 000 
-6. 000 
-6. 000 
-9. 000 
—6. 000 











no 


PLOT FIOURE 
CQNFIOURATION 
FILL / LIQUID 
EXCITATION AMPLITUDE 
EXCITATION AXIS-TYPE 


QS3 

LIQUID OVER. WATER ULLAGE 
94 OAL. / 1. 29 S0.ZNQR2 
1. 0 INCH P-P 
X ROTATION 


FREQUENCY 

HZ 

0. 200 
0..400 
0. 600 

0. SOO 

1. 000 
1. SOO 

1. 400. 

1. 600 
1. 800 

2. 000 
2. 200 

2. 400 
2. 600 
2. 800 

3. 000 
3. 200 
3.400 
3. 600 

3. 800 

4. -000 
4. 010 
9. 000 
6 . 000 
7. 000 

a. 000 

9. 000 
10. 000 
11. 000 
12. 000 
13. 000 
14. 000 
19. 000- 
16. 000 

17 . 000 

18. 000 
19. 000 
SO. 000 


. APPARENT MASS 
IN#Lfl*SEC2/RAD 
343. OOO 
400. 000 
409. 000 
440. 000 
364. 000 
384. 000 
377. 000 
392. 000 
403.-000 . 

301.000 . 
294. 000 

290. 000 
270. 000 
290. 000 
298. 000 
276. 000 
281. 000 
281. 000 

. 291.000 
291. 000 
300. 000 
248. 000 
ISO, 000 . 

194. 000 
171. 000 
180. 000 
180. 000 
171. 000 

160. 000 

190. 000 
196. 000 
163. 000 
169. 000 
171. 000 
176. 000 

179. 000 

I as. 000 


PHASE 
DEGREES 
-47. 000 

-a. 000 

-4. 000 

- 1 . 000 - 
-13. 000 
-14. 000 
-10. 000 
-20. 000 
-29. 000 
-37. 000 
-32. 000 
-31. 000 
-33. 000 
-31. 000 
-28. 000 
-27. 000 
-26. 000 
-27. 000 
-29. 000 
-29. 000 . 
-43. .000 
-93. 000 
-90. 000 
-39. OOO 
-28. OOO 
-32. OOO 
-31. OOO 
-26. OOO 
-26. OOO 
-20. OOO 
-19. OOO 
-13. OOO 
-12. OOO 
-12. OOO 
-11. OOO 
-9, OOO 
-9. OOO 








m 


PLOT riGURE 
CONF.IGURATIOH 
fill / LIQUID 
EXCITATIOH AMPLITUDE 
EMCITATIOH AHIS-TVPE 


923 

LIQUID OVER WATER ULLAGE 
54 GAL. / 1.25.SG 2NBR2 
.1.0 INCH P-P 
H - ROTATION 



FREQUENCY, H2 


a 



FREQUENCY, H2 
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PLOT FIGURE 
CONFIGURATION - 
FILL / LIQUID 
excitation AMPLITUDE 
EXCITATION AXIS-TYPE 


QE4 

LIQUID OVER WATER ULLAGE 
S4 GAL. / 1. 25 SO 2NBR2 
1. 0 INCH P-P 
Y - ROTATION 


FREQUENCY - APPARENT MASS 


0. 100 
0. 200 
0. 300 
0. 400 
0. 500 
0. 600 
0. 700 
0. SOO 

0. 900 

1. 000 
1 . 100 
1. 200 
1. 300 
1. 400 
1. 500 
1. 600 
1. 700 
1. 800 

1. 900 

2. 000 


HZ IN#LS*SEC2/RAD 
1003. 000 
167. 400 
223. 000 
273., 000 
321. 000 
344. 000 
367. 000 
433. 000 

329. 000 
277. 000 
292. 000 
324. 000 

330. 000 
268. 000 
233. 000 
211. 000 
199. 000 
185. 000 

• 171. 000 
163. 000 


PHASE 
DEGREES 
-119. 000 
-68. 000 
-IS. 000 
- 12 . 000 
-9. 000 
-7. 000 
-7. 000 
-12. 000 
-35. 000 
-30. 000 
-23. 000 
-30. 000 
-31. 000 
-38. 000 
-39. 000 
-37. 000 
-33. 000 
-31. 000 
-28. 000 
-25. 000 
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PLOT FIGURE 
COHFIGURATIOH 
FILL / LIQUID 
EMCITATIOH AMPLITUDE 
EHCIT.ATIOH .AHIS-TVPE 


324 

LIQUID OVER WATER ULLAGE ' „ 
54 GAL. / 1 . 25. SG 2NBR2 
1.0-, INCH P-P 
V - ROTATION 



FREQUENCY. H2 
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APPENDIX C. LOW GRAVITY VERIFICATION 


The aft tank slosh tests for which the ullage contained liquid can 
be rationalized with the other tests only If the liquid mass oscillating 
In ..the ullage Is taken Into account. Figure C.l shows one model that can 
be used to aid In making such rationalizations. The model Is meant to 
duplicate only the low-frequency slosh dynamics, and not the static sta- 
bility, because these tests Investigated only sloshing. For that reason, 
1t Is'clearer to represent the sloshing of the simulated propellant (I.e., 
zinc bromide) by an ordinary pendulum rather than by an inverted pendulum 
attached to a spring. and dashpot as was shown In Figure lb. The damping 
Is also neglected in this Appendix. 

The liquid oscillating In the ullage Is represented by a pendulum. 

In this case inverted to demonstrate that If the heavier liquid is placed 
In the ullage, the whole system becomes unstable. The rod connecting the 
two pendulums represents the restraint placed on the motion by the bladder 
separating the 1 Iquids. Since the liquid Is Incompressible and the total 
volume of the tank is constant, when the Z-inc bromide sloshes forward an 
equal volume of water must slosh backward. Further, the two volumes must 
move equal dirtances. Thus, Li’I't = l24>2 and mi/P-| = m2/P2. 

The zinc bromide pendulum is attached to its pivot by a torsional, 
spring K-] that simulates the bladder stiffness. No such spring is re- 
quired for the water pendulum, since all the stiffness is represented by 
K] . The gravitational part of the restoring force acting on the slosh 
mass- mi is. simply migL. Comparing this representation to the alternative 
representation of the slosh spring constant derived In Section V, it is 
evident that L] = 144/32.96 - 4.37 Inches and K] = 9.54 L? = 182.1 in-lb. 
(This transformation decomposes the slosh spring Into an equivalent tor- . 
sional spring and pendulum; the same .natureil- frequency Is predicted by 
both representations.) 

If fi and F2 are the forces exerted on the pendulum asmis by the con- 
necting rod, moment equilibrium about the central hinge requires that 

h “ '"i ^'^i/'=‘2) 


Using this relation, the equations'Of motion of the two slosh masses can 
be written as; 

^1^1*^1 ^ ^ ^1 ^ ^1 ^1 1 * - F^ a^ - m^ x^ (C.2) 


and 


2‘* • 
m2 L 2 'i*’2 




^ 1^2 ^^ 2 ^^ 1 ^ m2L2X2 


a 


(C.3) 



FIGURE C.l SLOSH MODEL OF AFT TANK WITH LIQUID IN ULLAGE 
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ilfwf osclllatlonal acceleration (translation) of the zinc bro- 

resulting from the tank motion, and x? Is the corre- 

equations g1ver“^°" ° ?'''»*• l^mtUnlng these two 

“jL?*', [1 + (a,/a2)(d,/d2)(L2/L,)(P2/p,)] 

*{k, +m,L,g [1 - (a,/a 2 )(d.,/d 2 )(P 2 /p,)]U 
-m,L^ [xj - (a]/a2)(d,/d2)(L2/L^)(P2/p^) Xj] 


(C.4) 


the oj «»'e system can depend only on 

then^ This rejll?e! that 9T»v1ty forces are not possibl 


(d>j/d2) = 1 


(C.5) 




"’i'-?*i n * (Vh)('>2''‘’i)] * C'<i * "iHs (’ - <=2 /'=i!5 * 

= -m^L^ Cx^ . (L2 /L^)(p2/p^) X 2 ] 


(C.6) 


This equation can be used to rationalize the experimental observations. 

When the zinc bromide was diluted to a specific aravUv of 2 q it 

:«lSTs 0 ^:axis.transU?1o'naTeSaJfon'wo'u?dJJt 

excite a siosh resonance. Since xi « x/> for this form of excitation it 
n be seen that the forcing will drop out of equation (C.6) If (L?/Li) 
or l 2 • 2L,. That 1s, the system "locks up” when Lp- 2 L 
S 22 !^ k-raSH^l°''h s-ax]s1F1gure B.20) or about the y-axis (figure^ 
i fiave opposite signs, however., and equation (C.6) predicts 

SIlen'cJ° 1 s’ '’® natSial f?e- 


0)^ 


(tk 


+ 0.5 fn^^g]/[2m^L^]| 


1/2 


(C.7] 


= 0.85 hz 


The^va71d1tv^of^oht;,l!l ^^^^excellent agreement with the observed 0.8 
me validity of obtaining a reduced gravity simulation by reducing the 


119 


density of the simulated propellant to near, that of the water contained 
In the ullage Is therefore confirmed. The results also provide an. Inde- 
pendent demonstration of the validity of the proposed correlation for the 
slosh spring constant. 

In the tests for which the zinc bromide was further diluted to an 
s.g, of 1.25 (I.e., a simulated gravity 0.25 g's), a slosh resonance near 
0.8 hz was observed for y-ax1s.„rotat1onal excitation (Figure B.24). The 
slosh model predicts a natural frequency of 

f 2 1^/2 

= {[K, +.0.2 m^L^g]/C2.6 m^L^]| 

* 0.61 hz (C.8) 

since m-| = 180 lb. The predicted frequency Is somewhat lower than the 
measured one. The prediction can be Improved somewhat by letting L 2 /Lt 
be less than 2.0, although doing so will allow some degree of x-axls exci- 
tation In the predictions of the tests previously discussed. It might also 
be noted that a very large amplitude tank motion was required to produce 
measurable moments; the resulting nonlinearity might also have affected 
the resonant frequency. 


